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FOREWORD

‘This Technology Survey Report was prepared by Martin Marietta Aerospace under
Contract NAS 3-17640. It is one product of a research program initiated by

the NASA Lewis Research Center to compile, evaluate, and organize for convenient
access information on the mechanics of structural failure and structural materials
limitations. The NASA Aerospace Safety Research and Data Institute (ASRDI) has
technical responsibility for the research program. Preparation of this report

was under the direction of George Mandel, ASRDI Program Manager.

Many people contributed to the preparation of the report. Their assistance

and cooperation is appreciated and gratefully acknowledged. The authors wish

to especially acknowledge the interest and assistance of the following individuals:
H. Dana Moran, Battelle Memorial. Institute; William F. Brown, Jr., John C. Freche,
and Gary R. Halford NASA Lewis Research Center; Walter P. Conrardy, Air Force
Materials Laboratory; George R. Irwin, University of Maryland, and George C. Sih,
Lehigh University.
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PREFACE

Since June 1972 the Orlando Division of Martin Marie{ta Aerospace has
supported the NASA Lewis Research Center's Aerospace Safety Research and Data
Institute (ASRDI) in an investigation of the mechanics of structural failure
and structural materials limitations. A series of technical reports have been

produced.

Under Contract NAS 3-16681 a Register of Experts for Information on the
Mechanics of Structural Failure was published as NASA CR-121200. Its purpose
was to glve visibility to a listing of recognized experts who might be available
for consultation related tc the mechanics of structural failure. This contract
also produced other products: NASA CR-121201, Regilster of Sources of Informa-
tion on the Mechanics of Stuructural Failure; NASA CR-121202, Bibliography. of
Information on the Mechanics of Stuructural Failure, and NASA CR-121199, Thesaurus
of Terms for Information on the Mechanics of Structural Failure. The last of
these reperts is comprised of key words which facilitate access to an ASRDI
mechanized data base that was augmented under Contract NAS 3-16681.

This Technology Survey Report 1is the result of one of several tasks included
in NASA Contract NAS 3-17640. The contract provides for the expansion, revision
and/or updating of NASA CR-121200 (Register of Experts), NASA CR-121202 (Biblio- -
graphy), and the pertinent mechanized data base. It also provides for the prep-
aration of twe technology surveys, i.e., reports which include abstracts and
assessments of key related documents published in the period April 1962-April 1974,
or “classics" published prior to 1962. One technology survey reports on the avail-
ability and application of fracture toughness testing data. This survey describes
information related to the problems of life prediction for aerospace structural
materials subjected to specified environmental effects.

The focus of the report is the life prediction of materials exposed to
monotonic and cyclic loading. Primary attention is directed toward low-cycle
fatigue and thermal fatigue experienced at elevated temperatures equivalent to
those found in the hot end of a gas turbine engine. Some visibility is given to
information concerning high cycle fatigue data for materials used in components
such as engine bearings. The report also includes a consideration of solar cell
applications, the effect of cryogenic temperature and vacuum environments, and
radiation effects, concentrating on experimental methodology having multiple
use and data having broad meaning.

It is obvious that the foregoing scope is very broad. Because of limi-
tations of time and budget and of ASRDI priorities, most effort was spent on
information containing low-cycle and thermal fatigue data pertinent to high
temperature environments. The report is comprised of interpreted and evaluated
abstracts of about 100 key documents related to the subject. These documents have
" been surfaced and selected in a literature search performed between June 1972 and
September 1974. Since a significant number of the documents relate to more than
one aspect of the fallure modes and mechanisms of structural materials, there are
often multiple citations of the documents. All of the documents selected and



abstracted for this techmology survey report are included in ASRDI's mechanized
data base. In addition, a majority of the references cited with the abstracted
documents are also included in the ASRDI data bank. This affords a significant
information resource for the interested researcher.

This report is a companion volume to NASA CR-134751, Life Prediction of
Materials Exposeq to Monotonic and Cyclic Loading - A Bibliography.
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SUMMARY

This Technology Survey Report is comprised of technical abstracts
of 100 significant documents relating to life prediction for structural
materlals exposed to monotonic and cyclic loading, particularly in elevated
temperature environments. Some consideration is given to other applications
and other environments, primarily to show the applications of the same meth-
odology in various environments. The Introduction to the report includes an
overview of the State-of-the-art represented in the documents that have been
abstracted.

The abstracts In the report are mostly for publications in the
period April 1962 through April 1974. There are exceptions. In some
instances a pre-1962 "classic" has been included because it is still the
most authorative treatment available,

The prupose of the report is to provide, in quick reference form,
a dependable source for current information on the subject field. The
selection has been arbitrary but made with the guidance of outstanding
regsearchers and authors in the field. The references supplied with the
abstracts afford quick identification of additional documents.
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INTRODUCTION
AN OVERVIEW OF THE REPORT

This Technology Survey Report, in light of the qualifications cited
above in the Preface, can only be a contribution toward the establishment of -
a larger and much needed information base. Nevertheless it ig felt that the
contribution is substantive and will cause the publication of other related,
valuable knowledge. To introduce the abstracts Included, the authors of the
report have written this overview of the key contributions of the researchers
represented by the abstracts. A significant reference list is offered to
substantiate the authors conclusions.

The study of materials behavior at high temperature has been one of
the most dynamic and productive since the development. of the turbojet powered
aireraft (ref. 1). The continuing development and improvement of the engine
and associated high performance aireraft structure has provided a focus and
driving force for this technology (ref. 2). '

Basic and applied research has resulted in improvements in both
performance and reliability. As alloys were improved to permit higher engine
operating temperatures several performance improvements occurred. Fuel o
consumption decreased and thrust levels increased from about 500 pounds to
over 50,000 pounds force. Significant understanding of materials behavior at
elevated temperatures under fatigue and stress rupture conditioms has been
applied to life prediction of materials behavior in the engine environment
(ref. 3). This resulted in an improvement of from 50 to over 5000 hours in
 the time between overhaul for typical commercial jet aircraft engines.

: Today materials ceéhnology is chéllenged by environmental concerns
about air and noise pollution as well as continuing pressure for better specific
. fuel consumption. Stated another way, materials must be provided which survive

and respond satisfactorily at high temperatures and which alse satisfy other
operational constraints. :

The NASA Lewis Research Center has been the focus of much of the effort
‘to improve the high temperature behavior of materials. In a balanced program
they have focused on improving both the reliability and performance of the materials
employed in turbine engine components (ref. 4). This has involved an extensive
program of basic mechanism and theoretical effort which has spawned both a number
of 1ife prediction approaches and significant alloy development. In addition the

areas of protective coatings and basic engine design have and are continuing
to receive much emphasis.
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Until the mid-1960's the efforts directed toward understanding high
témperature behavior were compartmentalized among the "classic disciplines" of
creep, stress-rupture, fatigue, deformation phenomena, thermal stress and thermal
shock (ref. 5). In that same period the mechanisms of plastic flow by dislocation
motion were becoming more clearly understood due to the development and use of
such powerful tools as X-ray analysis and electron microscopy.

These understandings led to the postulation that most high temperature
phenomena were interrelated. Manson first presented these ideas in two publica-
tions in 1966, introducing some proposed relationships (ref. €, 7). The philosophy
nf cumulative creep and fatigue damage was introduced at that time and helped to
 link the disciplines. It was shown that the interaction or as Manson characterized
it the interface could account for the decreases in elevated temperature fatigue
life observed. New terms and concepts such as creep—-fatigue have been developed
and given meaning. In the area of creep-fatigue two recent papers show an apparent
significant effect of creep on fatigue at high temperatures (ref. 8, 9). This
philosophy of creep fatigue interaction has not received universal acceptance,
however. Convincing arguments also have been made about the environmental inter-
action being the significant factor in elevated temperature fatigue, Coffin and
others have. shown experimentally that the fatigue 1ife at elevated temperatures
is for some materials a functiom of frequency and can be increased several orders
of magnitude at a vacuum of 10~8 Torr. {(ref. 10, 11, 12).

The period before the mid-1960's was also characterized by extensive data
generation and test technique development., This included refinement of the
discipline of fractography, which more recently has been given additional depth
with the wide spread use of scanning electron microscopy. ' This technique when
used, has permitted a much more detailed look at fracture surfaces during high
temperature testing. Collectively these techniques have revealed many aspects
of cumulative damage and have led to better life prediction methodology.

With this background of detailed testing, basic understanding of mechanisms
- and detailed fractographic analysis, the last ten years has seen an effective
development and refinement of theories. This has been examined in some detail in
two recent reviews (ref. 1, 13). The concept of cumulative damage in high temperature
fatigue was developed from Miner's Law and applied along with the method of
Universal Slopes to begin the process of predicting behavior (ref. 14). These
efforts resulted in linear damage rules and double linear damage rules (ref. 15,
16). More recently scientists at the NASA Lewis Research Center have introduced

the concept of strainrange partitioning (ref. 17). This approach is based on
cumulative damage concepts, and divides high temperature fatigue into its component
strainranges. These ranges are classified as time independent plastic flow ()

and as time dependent plastic flow or creep (C). This gives rise to four posgsible
strain ranges as shown in the table below:

TABLE I - STRAINRANGES

Notation Tensile Strain Compressive Strain
Epp plastice plastic
Epc plastic creep
Ecp creep plastic
Ecc creep creep



Each of these strainranges has associated with it a unique damage curve. The
summation of these leads to life prediction. This technique has proven to be
quite powerful and accurate. The development of closed loop testing for life
prediction in the late 60's permitted the delineation of strainrange pertitioning
to life prediction (ref. 17, 18). :

The prediction of creep has been based on the cumulative creep laws
expounded by Manson (ref. 6). These include (1) the time-hardening rule, (2)
the strain-hardening rule, and (3) the life-fraction rule. More recently the
concept of a minimum commitment station function approach has been introduced
to refine the treatment of creep-rupture data for 1life prediction (ref. 19).

The use of a parametric approach to life prediction has been considered
for the case of high temperature, low-cycle fatigue (ref. 20, 21). This is based
on the concept that certain formulas can adequately define high temperature behavior
which has been shown to have some validity,

A completely different approach to life prediction was introduced in
1972 by Payne (ref. 22). This statistical reliability approach had only recently
become practical as large amounts of data on the service history of structures
have been made available. The approach considers the statistical occurrence of
failure and is not concerned with the detailed mechanisms of fatigue crack growth
processes.

The maturing of fracture mechanics technology has led to a beneficial .
synthesis of the areas in terms of life prediction. S. 0. Davis and L. F. Coffin,
Jr., have recently examined the relationships between flaw size, flaw growth,
_-crack tip plastic zone and critical flaw size (ref. 23, 13, 24). The concept

of crack tip stress intensity factory was introduced and shown to be relatable
to crack growth and fracture (i.e., service life). This focus on flaws and flaw
growth has increased the importance of nondestructive testing technology to
illuminate and monitor these dynamic flaws. Acoustic emission during low-cycle,
high stress intensity fatigue has been well characterized (ref. 25). It was shown
that acoustic emission as a precursor of failure may be employed both for the
case of low-cycle, high-stress-intensity fatigue and for environmentally assisted
fatigue. Fatigue life can also be estimated by combining fracture mechanics and
acoustic emission techniques (ref. 26).

A recent review by C. J. McMahon, Jr., again called attention to the
influence of the environment on high temperature life prediction (ref. 27). fThis
. paper illustrates that environment can often be a very important factor in the
life of a sturcture and that our understanding is in the very early stages. Other
investigators are taking a very basic approach to surface sensitive behavior by
examining the basic nature of surfaces and how they interact with the environ-
ment (ref. 28). There remains much work to be done in this area te characterize
behavior before adequate predictive technology is available. Other researchers
have recently considered the effect of the environment and highlighted the lack
of sufficient data on the behavior of materials when exposed to high temperitures
and a chemically active environment.



In particular the extreme environmental sensitivity of titanium is shown indicating
that much of the existing data from laboratory tests may be invalid.

The present state of high temperature materials behavior technology has
paid considerable dividents in improved performance and reliability., The present
high degree of development of conventional nickel-and cobalt-base super-alloys
has resulted from the basic understanding of dislocation motion and defect structure.
The use of these alloys at over 90 percent of their melting point leaves little
margin for increased temperature capability. However, the application of fracture
mechanics and sophisticated nondestructive evaluation technology will increase
the reliability of these materials. This can lead to significant decreases in
‘projected systems cost. The application of existing high temperature materials
technology to the systems areas of analysis, design and operation has yet to realize
the potential that has been exhibited by materials development. It hag been shown
for example that significant increases in fatigue life can be obtained by programmed
loading and overloading sequences which could be introduced into service performance
profiles (ref. 31, 32).

The summary of the present state—of-the-art highlights at least four
areas where effort needs to be expended. The first ig the area of technology
transfer. A tremendous body of basic information on high temperature materials
behavior exists, It has been only sporadically applied to practice. For example,
as indicated earlier, the techniques of strainrange partitioning coupled with
cumulative damage concepts can be powerful life prediction tools. The aircraft
engine community has largely ignored these techniques. This is probably the
result of the controversy over the role of creep vs environment on the high
temperature fatigue behavior coupled with the volume of closed loop programed
fatigue data required on the specific material of interest. The technology
transfer between the materials behavior specialist and the design function
continues to be a very pressing problem,

of the environment, particularly corrosion fatigue at elevated temperatures. The
basic Information about the nature of surfaces and their interaction with the
.environment is only now being developed (ref. 28)., Im many instances the environ-
mental interaction, particularly at elevated temperatures may be the most important
consideration in life determination. The third area is information on the metal
titanium. This metal is a key component of supersonic aircraft and the compressor
end of turbojet engines. Titanium has demonstrated behavior different from other
structural metals, particularly in terms of the environmental interaction.

The fourth area is the nondestructive technology of damage detection.
There is insufficient damage detection feedback from actual systems to correlate
the predictions and provide interactive improvements to the system.

In summary a great deal of Progress has been made in understanding high
temperature behavior of materials. Much of this has yet to be transferred tc
systems application where it could significantly affect improvements in reliability
and performance. Further, the environmental challenges of the late 1970's have

given new impetus to this type of research, which will continue to provide
important contributions.
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IA - General High Temperature Behavior

AN OVERVIEW OF HIGH TEMPERATURE MATERIAL FATIGUE; ASPECTS COVERED BY THE 1973
INTERNATIONAL CONFERENCE ON CREEP AND FATIGUE

Manson, S. 5. and Halford, G. R. {(Case-Western Reserve Univ., Cleveland, OH;
National Aeronautics and Space Administration, Lewils Research Center, Cleveland, OH)
ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature Applications,
Philadelphia, PA (23-28 September 1973), and Sheffield, England (1-5 April 1974),

The International Conference on Creep and Fatigue included 82 papers. This
,ﬁaper is a summary of the papers presented at the conference. It is divided into
six major subject areas: 1 -~ Materials development and characterization, this
inclues papers concerned with the determination of properties, and papers concerned
‘with data analysis; 2 -~ Environmental factors, treating fatigue life in air, vacuum,
helium, iodine, sodium and radiation environments; 3 ~ General fatigue life
relationships, bringing up the subject of strainrange partitioning, linear damage
rule, strain hardening exponent, and others; 4 - Crack growth laws, pointing out
factors that ‘govern crack growth rate (stress intemsity, specimen type, nature of
loading, and mean stress); 5 - Design and service experience, dealing with specific
components of real life structures; and &6 - Design codes, ocutlining the United
States and European points of view. It i{s pointed out that attention must be
directed to crack propagation as well as crack initiation, and that concepts of
fracture mechanics are being extended to consider plastic and creep fractures
‘as well as brittle (elastic) failure. The paper concludes with a list of references,
which include all the papers presented at the conference. Selected figures from
these papers are also included.

* Cowment :

The authors have taken this opportunity to not only discuss the papers at the
conference, but to make a statement of their own on the progress and potential of
 high temperature materials technology. Their incisive discussions illuminate the
~ present sophistication of materials behavior and prediction understanding. They
'show the potential of the strainrange partitioning and station function approaches
to life prediction.

Important References:
, The author's list of references includes all 82 papers from the conference,
many of which are included as key papers in this document. In addition, the authors
‘referred to several classic papers to support their thesis. ‘ S

1. - 'Manson, S. 8. and Ensign, C. R., A Specialized Model for Analysis of Creep-
‘ Rupture Data by the Minimum Commitment, Station-Function Approach, '
NASA TM-X-52999 (1971).

2. Manson, S. S., Nachtigall, A. J. and Freéhe, J. C., A Proposed New Relation
for Cumulative Fatigue Damage in Bending, Proc. ASTM 61, 679-703 (1961).

3. Manson, S, S., Frechg,'JL C. and Ensign, C. R., Application of a Double
L;near Damage Rule to Cumulative Fatigue, ASTM STP 415, 384-414 (1967).
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Comment :

Manson's book is a basic text on this subject which covers in detail the
subject from the basic standpoint. It is particularly useful because of the author's
wide experience and ready accessibility to the numerous examples of thermal
stress and low cycle fatigue failures, particularly in gas turbine machinery. The
subject and author indices contribute to the usefulness of the book. '

Important References:

The book is extensively referenced, chapter by chapter, on each subject
area.

1. Boley, B. A. and Weiner, J. H., Theory of Thermal Stresses, John Wiley and
-Sons, Inc., New York, NY (1960). : :

2. Smith, R, W., Hirschberg, M. H. and Manson, S. S., Fatigue Behavior of
Materials under Strain Cycling in Low and Intermediate Life Range, NASA
TN-D-1574, (April 1963).

3. Langer, B. F., Design of Pressure Vessels for Low Cycle Fatigue,
J. Basic Eng. 84, No., 3, 389-402 (September 1962),.

4, Manson, S. S. and Hirschberg, M. H., Analysis of Crack Initiation and
Propagation in Notched Fatigue Specimens, Proc. Inter. Conf. Fracture,
Sendai, Japan (1965). : :

5. Manson, S. 5., Interfaces Between Fatigue, Creep, and Fracture, Int. J.
Fract. Mech. 2, No. 1 (March 1966).

6. Meheringer, F. J. and Felgar, R. P., Low Cycle Fatigue of Two Nickel-Base
- Alloys by Thermal Stress Cycling, J. Basic Eng. 82, No. 3, 661-670
{September 1960). ‘

Key words: Analysis methods; brittle fracture; creep; cumulative effects; cyclie

' loads; ductility; elastic-plastic behavior; failures (materials);
fatigue (materials); life expectancy; life prediction; low-cycle -
fatigue; metallic materials; structural safety; temperature effects;
thermal cycles; thermal! shock. '

INTERFACES BETWEEN FATIGUE, CREEP, AND FRACTURE

Manson, S. §. (National Aeronautics and Space  Administration, Lewis Research
Center, Cleveland, OH)

Int. J. Fract. Mech. 2, No. 1, 327-363 (1966).

. A discussion 1s presented of the fatigue process as one of initiating a
crack and propagating it to failure, and a formula is presented for estimating the
effective point of crack initiation. This formula is speculatively applied to
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three interface problems in fatigue: (a) life of a quasi-bricttle materjial which can
sustain only a relatively small crack before failure takes place according to the
laws of fracture mechanics. An example is presented to illustrate the procedure

and to indicate the probable validity of the approach; (b) Estimation of the

fatigue characteristics at high temperatures within the creep range of materials.

By assuming that intercrystalline cracking has the effect of by-passing much of the
crack initiation process, the number of cycles to failure becomes related more
importantly to the crack propagation period. A numerical procedure for estimating
1ife in terms of applied strainrange is described, and its validity investigated

by application to a number of materials for which data have been presented in the
literature; (c) Application of a linear damage rule individually to crack initiation
and crack propagation. It is possible to predict the effect of order of application
of loads in a two-step cumulative fatigue test. The method 1s checked by using
literature data.

The common thread in the treatment of the three problems discussed here is the
value of separating the fatigue process into one of erack initiation and crack pro-
pagation. That such a separation is desirable is now becoming more and more
recognized in other published investigatioms. The difficulty is in defining the
meaning of a -crack and assigning quantitative formulae to use in computations
involving these phases. Only a first approach is taken in this report toward a
quantitative aspect.

While the application is intended for the analysis of laboratory specimens
rather than engineering structures, the principles involved may perhaps be extended
to practical geometries. For example, we have used local strain as a measure of
crack initiation, and therefore the relations established between strain range and
cycles to crack initiation may continue to be valid for other geometries as well as
the test specimen from which the relations are evolved. The crack growth process
would, however, depend on geometry. Perhaps an approach expressing instantaneous
crack growth in terms of miecroscopic local strain range, would prove more useful in
the treatment of general problems, instead of attempting to express the crack
propagation as a closed-form solution that would be applicable only to specific
cases. Likewise the fracture condition for quasi-brittle materials, while treated
specifically for the laboratory specimen, could be extended, according to the fast-
developing field of fracture mechanics, to other geometries by the same method of
treatment. Similar extensions could perhaps be made to the subject of cumulative
fatigue, using small laboratory specimens to obtain information on crack initiation
and crack growth laws together with fracture mechanics to obtain the damage rule
for the crack propagation stage. Also, in the discussion of high temperature
the main emphasis has been on intercrystalline cracking. But the principles
invelved may have more significant generality. A similar approach may have
utility in the treatment of surface imperfections and pernicious environments,
that would also have the effect of cutting short the crack initiation period
more than the propagation period.

Comment :

The author discussed in detail much of the work in progress at the time to
improve the understanding of and prediction of fatigue life. Many of the ideas
discussed in the paper have since matured to become active subjects of research
and related theories. The author presents an overview which interrelated the
technologies of fatigue, creep and fracture by showinz the mechanistic relation-

ships at the microstructural level and casting everything in terms of a cumulative
damage philosophy.
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IB - Creep of Materials

A SURVEY OF THE EFFECTS OF NONSTEADY LOAD AND TEMPERATURE CONDITIONS ON THE

CREEP OF METALS 7

Manson, S. S. and Brown, Jr., W. F. {National Aeronautics and Space Administrationm,
Lewis Research Center, Cleveland, OH)

ASTM STP 260, 63-104 (December 1959).

Published information relating to the effects of non-steady load and temper-
ature conditions on the creep of various metals and alloys 1s surveyed. The
information is presented in three sections. The first considers fundamental in-
vestigations of 'stable" materials, where the object was to accurately study
certain basic effects such as the recovery of strain or loss of strain hardening
on removal of the load. The second section summarizes the data for nonsteady creep
of engineering alloys subjected to complex variations in load and/or temperature.
The final section is devoted to a review of the several analytical procedures which
are proposed to calculate the nonsteady behavior from steady state tests.

Comment :

This classic statement of the state-of-the-art examined much of the basic
information relating to the analytical understanding of creep processes. It was
shown that a number of mechanical and metallurgical factors must be considered
when component design involves changing load and/or temperature at high temperatures.
These include: a) anelastic effects on the creep flow; b) loss of strain hardening;
c) changes in the microstructure; d) thermal stresses arising from nonuniform heating
of the body; e) intergranular oxidation or corrosion; and f) thermally induced
internal distortions. It will be recognized that the relative importance of these
various factors will depend on the material and loading conditions involved.

Key words: Creep; creep properties; cyclic loads; metallic materials; random
load cycles; temperature effects; thermal cycles; variable temperature.

MECHANICAL BEHAVIOR OF MATERIALS AT ELEVATED TEMPERATURES
Dorn, J. E., Ed., McGraw-Hill Book Co., New York, NY (1961)

Comnent :

This book on the behavior of materials at elevated temperatures is an expansion
of a lecture series by twelve of the outstanding contributors toc the field. It
contains fifteen chapters as follows. The general introduction by F. R. Shanley
treats the relationships between structural design and the prediction of the mechan-
ical behavior of materials under various conditions of loading and environment.

J. J. Gilman contributed a chapter on the nature of dislocations, which discussed the
role of crystallinity in plastic deformation and the nature of the crystallographic
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line defects found in crystals. J. C. Fisher considered the behavior of dis-
locations which involves the stress fields and mobility or lack of it for thesge
defects and in particular the ability of the defect for multiplication. G. Schoech
contributed two chapters one on the thermodynamic principles in high-temperature
materials followed by a chapter on the theories of creep. In the first he considers
the thermodynamics of lattice defects such as vacancies. and solute atoms as
related to creep. In the chapter on theories of creep he considered the time

laws of creep; the creep mechanisms; rate controlling process and the effects in
technical alloys. J. Washburn discussed the mechanism of fracture by consideration
of the Griffith crack phencmena, crack nucleation and propagation at elevated
témperature and the ductile-brittle transition temperature. E. R. Parker discussed
theorles of fatigue from a Phenomenclogical standpoint consisting of crack
nucleation and crack growth. H. Conrad contributed two experimentally based
chapters, first on the experimental evaluation of creep and stress rupture and
second on the role of grain boundaries in creep and stress rupture. These chapters
review the advances in testing techniques which illuminated the mechanisms of _
creep and stress rupture and, in particular, the microstructural aspects .of creep.
His second chapter focuses on the role of grain boundaries both in terms of sliding
and pinning of deformation. Grain boundary failure as a2 function of the equico-
hesive temperature for transgranular or intergranular failures. R. W. Guard dis-
cussed alloying for creep resistance in terms of the effect on deformation resist-
ance, fracture resistance, recovery resistance and microstructural stabillity. '
J. A. Pask discussed the mechanical properties of ceramic materials, particularly
at elevated temperatures where they exhibit some creep characteristics. J. D. Lubahn
focused on the inelastic or plastic flow part of deformation phenomena in his chapter.
He provides considerable insight into the nature of the creep test and the impli-
cations of an interrupted or stepped test. §. §S. Manson contributed two chapters,
one on thermal stresses and thermal shock and the other on creep under nonsteady
temperatures and ‘stresses. In these two chapters he introduces the nonisothermal
consideration derived from gas turbine engine experience. In particular, he .shows
that additioral mechanisms may be pertinent to nonsteady stressing and heating.

He also discusses analytical methods of proposed creep laws involved in nonsteady
loading situations approaching the concept of cumulative damage. B. J. Lazan

in a final chapter discussed damping and resonance fatigue propertiés of materials
congidering elevated temperatures.

This book now almost 15 years old, is still an excellent overall summary of
high temperature creep and stress rupture behavior of materials.

Important References:

Each chapter has an extensive list of references which delve into the original
work in each area.

Key words: Creep; creep properties; creep rupture; creep strength; dislocations
(materials); fatigue (materials); grain boundaries; high temperatuve;
mechanical properties; metallic materials; microstructures; stress
rupture; temperature effects; thermal shock; thermal stresses,
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IC - Fatigue of Materials

FATIGUE
Coffin, Jr., L. F. (General Electric Co., Schenectady, NY)

Annu., Rev. Mater. Sci. 2, 313-348 (1972)

This review attempts to approach the fatigue problem from an interdisciplinary
position, emphasizing a broader view that may help to bridge the gap between
strongly focused viewpoints. Particular emphasis will be given to the effect of
temperature and to environment since these topics are close to the author's
present interest, and because, by their inclusion, a broader view of the fatigue
problem can be had.

The fatigue process is considered in three stages: nucleation and early
growth, crack propagation through a plastic regime, and crack propagation through
an elastic regime. Each of the stages is discussed, where practical, from three
approaches: the phenomenological, the microstructural, and the atomlc, so that
some perspective may be gained on the relative roles and states of development
of each approach to the total problem.

Fatigue as a crack propagation process, owes its existance to the ability
of the crack tip, once blunted by the application of a tensile 8tress, to resharpen
upon stress reversal. Without this feature the crack remains blunt and the
regenerative aspects of the failure process are halted. Efforts toward a clearer
understanding of the substructural features of the cyelic strain-hardening processes
and the possible application of this understanding to better control the strain
hardening exponent in a particular alloy would appear to be the most rational
"direction to follow for improved fatigue-crack-propagation resistance in structural
metals. From a phenomenological view the strain-controlled description of the
fatigue process involved consideration of the separate effects of elastic and
plastic strain, whether time-independent or time-dependent failure was being
considered. Depending upon the level of strain, one or the other or both of these
strain quantitiles govern fracture. This approach has been applied to practical
problems rather successfully, since it translates quite readily into the analytical
- procedures of the design engineer. Difficulties arise when the loading history

departs significantly from the testing methods used to determine phenomenclogical
relationships. '

Account must be taken of the very important effect of enviromment and
temperature on crack growth., Attention has been given here to the similarities
between the two, supporting the position that an air environment can account to
a large degree for the reduced fatigue resistance at elevated temperature.

The approach to the fatigue problem of a viewpoint ranging from the sub-
Structural to the phenomenological is readily apparent to those who work closely with
the physical aspects of the problem, it has not been fully recognized by those in the
engineering profession, particularly when dealing with complex problems such as
notch geometries, variable loadings, thermal fatigue, and the like.
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Comment :

Dr. Coffin in this wide ranging review has made a significant and 3ucceséfu1

effort to synthesize the variant technologies involved in the understanding of
fatigue and the application of this understanding to metallic systems.

Important references:
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‘467, 3-36 (September 1970).

Coffin, Jr,, L. F., The Effect of Frequency on High—Temperature, Low=Cycle
Fatigue, AFFPL TR-70-144, 301-312 (September 1970).

Coffin, Jr., L. F., Predictive Parameters and their Application of High
Temperature, Low-Cycle Fatigue, Fracture 1969, Chapman and Hall, London, England,
643 (1969),

Manson, S. 8., Thermal Stress and Low Cycle Fatigure, McGraw Hill New York
NY (1966).

Grosskreutz, J. C., Fatigue Mechanisms in the Sub—Creep Range, ASTM STP 495,
5-60 (September 1971) ‘

WElls, €. H., Sullivan, C. P. and Gell, M., Mechanisms of Fatigue in the ‘
Creep Range ASTM STP 495, 61-122 (September 1971).
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181-204 (1967).
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in High Strain Low-Cycle Fatigure, Trans. AIME 233, No. 2, 379-387
(February 1965).

Key words: Crack initiation; crack propagation; design criteria; envircnmental

effects; fatigue (materials); fatigue life; high temperature environ-
ments; microstructures; plastic zone; structural reliability.
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FATIGUE AT HIGH TEMPERATURE
Coffin, Jr., L. F. (General Electric Co., Schenectady, NY)
ASTM STP 520, 5-34 (August 1973).

It was the author's intent to treat the high-temperature fatigue problem
as a failure process in a notch in some structure in terms of nucleation and early
growth at the notch-root, high-strain crack propagation through the plastic zone
of the notch, and elastic crack growth to ultimate failure. A number of points
were made and are summarized here:
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In developing models employing constitutive equations and failure
criteria for structural design more attention needs to be paid to
fatigue as a process of failure by nucleation and growth.

Greater attention should be given to the transition fatigue 1ife in
determining the approach taken to the problem both in testing and
design.

More effort is needed in the development of improved constitutive
equations for elevated stress analysis commensurate with the advances
that have occurred in computational methods.

Fatigue nucleation at elevated temperature is very complex. Greater
attention to the categorization of the multiplicity of fatigue nucleation
mechanisms is required, together with recognition of the specific

aspects of the enviromment.

More work in the development of crack growth relationships to the
regime of initiation and early growth would be helpful in extending
design crack growth procedures to cover a greater proportion of the
total fatigue process,

Although progress has been made in studying high-strain crack growth,
much more effort is needed, particularly to the effect of very low
frequencies and of various atmospheres on specific materials.

It has been shown here that the environment may be more important than
creep in fatigue failure. Greater attention should be paid to the
effects of specific atmosphere in future work in material evaluation and
fallure critertia.

Studies on mechanisms for ratchetting and investigations of failure

criteria for cyclic-monotonic strain interaction at elevated temperature
should receive more attention.
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FATIGUE, A COMPLEX SUBJECT - SOME SIMPLE APPROXIMATIONS '
Manson, §. §. (National Aeronautics and Space Adminlstration Lewis Research
Center, Cleveland, OH) o
Exper. Mech. 5, No. 7, 193-226 (July 1965)

Comment ;.

A wide ranging discussion of the fatigue spectrum is presented.
On the one hand, the present state of understanding of the mechanism is reviewed
and the complexity of the process observed. On the other hand, some approximations
useful in design are outlined and their application illustrated. '

The usefulness of photoelastic techniques in illuminating the stress distribution
in the vicinity of a crack as a contributor to the understanding of fatigue is
illustrated. The use of transmission electron microscopy and replica techniques
predating the development of scanning electron microscopy are shown The
techniques of NDE are also discussed.
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The strain cycling concepts are discussed in detail. The development of strain
range concepts in which a universal slope of the elastic strain range and for the
plastic strain range were postulated. These slopes are for a linear representation
on log strain range/log cycles failure plots. A geometric summation of these
universal slopes leads to a failure curve which is a distinct simplification of the
data. It shows that at low cycles to fallure the curve becomes asymptotic
to the plastic strain range line, while at high cycles it becomes asymptotic to the
elastic strain range line. With these concepts an attempt to establish this diagram
for specific materials baged on materials variables such as reduction in area,
tensile strength, yield stress and notch sensitivity was undertaken. It was showm
that these relationships could be established and measured fatigue life and predicted

" fatigue 1life correlated within a life factor of 2 for better than 60 percent of the
data.

Cumulative fatigue damage concepts were discussed in detail. It was shown
that these concepts are applicable to many fatigue situations although the
phenomena of strain softening and strain hardening present difficulties.

The author concludes with a brief survey of the fundamental aspects of fatigue
and in particular the events occurring in the material that influence the final
fracture. '
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Rey words: <{rack analysis; crack detection; crack propagation; crack tip
plastic zone; cumulative effects; fatigue (materials); fatigue
properties; low-cycle fatigue; photoelastic measurements; S-N
.diagrams; strain; stress; x-ray diffraction.

FATIGUE AT HIGH TEMPERATURE - PREDICTION AND INTERPRETATION
Coffin, Jr., L. F. {(General Electric Co., Schenectady, NY) Proc. Inst. Mech.
-Eng. London 188 (Septemher 1974)

The significant developmgnts in fatigue over the last twenty years as
they pertain to the prediction of life in high-temperature service are reviewed.
Particular attention is given to the interpretation of fatigue test résults_for .
both low and high cycle fatigue at room and elevated temperatures. Emphasis is
given to such effects as environment, frequency and strain rate, metallurgical
factors, wave shape and thermal cycling, and some attempt is made to sort ocut
‘their relative improtance. Applicability of low-cycle fatigue information to.
 notch geometries is discussed. Lastly considered is the significance of these
several factors to the current state of life prediction as well as to future
directions for development of this important topic. )

Comment :

Dr. Coffin in the James Clayton Lecture has attempted the difficult job
of placing this technology in perspective. He presents some very convincing
data illustrating the.frequency/environment effects on high temperature fatigue.
In this experimental illustration he shows that in A286 the fatigue life in a
‘vacuum is the same at 593°C and 20°C, while in air the degradation between
20°C and 593°C is two to three orders of magnitude. He also illustrates how
the smooth specimen simulation concept may be applied to the prediction of

- notch fatigue behavior at high temperatue with low frequencies or with hold
times.

He summarizes the challenge of the fatigue problem for the future
including:
(a) the development of appropriate constitutive equations to
pernit wider application of finite element analysis to cycle
" problems; ,

{(b). the development of predictive methods tc account for the
multiplicity of effects discussed frequency or strain rate,
environment, time-dependent material behavior, wave shape,
and thermal fatigue‘

(c) attention to the above effects in high~strain crack grdﬁth
and consideration of high-strain crack growth techniques for
predictive purposes;

(d) the merging of high—temﬁerature. low-cycle fatigue phenomenology
with linear elastic crack growth analysis through the concepts
of smooth specimen simulation;

(e) clearer definition of the role of environment both with regard
to nucleation and propagation particularly with respect to those

situations corresponding to service applications. 27
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IIA - Creep and Stress Rupture Analysis

THE STATIC AND CYCLIC CREEP PROPERTIES OF THREE FORMS OF A CAST NICKEL ALLOY
Harrison, G. F. and Tilly, G. P. (National Gas Turbine Establishment
Farnsborough England)

Proc, ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, Sheffield England. 222.1-222.9 (1-5 April 1974)

The static and cyclic creep properties: of conventionally cast, directionally
‘solidified and single crystal forms of a cast nickel superalloy, MAR M246, ,
have been evaluated at 850°C and 900°C. Tensile and . compressive creep curves':-
have been obtained at constant stress and the results analyzed using power law
creep terms. Typically, directionally sclidified specimens have tensile lives twice
those of comparable conventionally-cast materials, and rupture strains three or four.
times greater. Increase in specimen size railsed the life of conventionally cast
material but had no effect on single crystals. Differences between tensile and _
compressive creep properties were accentuated in the tertiary stages of deformation.
No improvement in compressive creep resistance was obtained using directionally
solidified or single crystal specimens. Equations developed previously from: ‘strain
hardening theory. gave an accurate estimate of behavior under cyclic temsion. -

This theory has been extended to include push-pull loading and is' shown to give a
satisfactory correlation with the data.

Comment :

The data demonstrate the superior properties of the directionally solidified
material in the critical tensile creep regime, which is typically the design
criteria for gas turbine blades. .

Ihportant References:

1. Tilly, G. P., Control and Measurement of Compressive Creep at Constant Stress,
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Key words: Coatings, creep; creep properties; creep strength, eyelic
creep; cyclic loads; directional solidification; high temperature;
nickel alloys; static loads; tensile creep. ‘
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STRESS RUPTURE OF A DISPERSION STRENGTHENED SUPERALLOY
Céifns, R. L. and Benjamin, J. S. {(International Nickel Co., Inc., New York, NY)
J. Eng. Mater. Technol. 10-14 (January 1973)

A dispersion strengthened nickel-base superalloy, designated IN-853,
has been made by a new process called mechanical alloying. This provides a long.
sought combination of properties typical of dispersion strengthened and precipitation
hardened materials. The alloy has flat rupture curves over a wide temperature
range. Rupture stress/temperature curves for the alloy show a transition separating
the low temperature regime where precipitation hardening controls the strength,
and the high temperature range where dispersion strengthening predominates. The
slope of a Larson-Miller plot of stress rupture temperature vs stress rupture test
‘data also decreases at high values of that parameter. At high temperature rupture
stress 1s less sensitive teo temperature changes than is the case with conventional
nickel-base superalloys. At a fixed stress level the rupture 1life of the dispersion .
strengthened superalloy is more sensitive to temperature changes.

" Comment:

This paper introduces a new class of alloys which may slightly expand the
high temperature range of gamma prime strengthened nickel base superalloys. These
offer promise of improvements in turbine operating temperatures when they"
are employed as turbine blades,

Important References:
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THE PROPAGATION AND PROPERTIES OF CAST BORON-ALUMINIM COMPOSITES

Hill, R. J. and Stuhrke, W. F. (AVCO Corp., Lowell, MS.; Alr Force Materials
Lab., Wright-Patterson AFE, OH) .

Fiber Sci. Technol. 1, No. 1, 25-42 (January 1968)

A simulated pressure casting technique was used for producing high modulus
and improved tensile strength reproducible boron-aluminum composite - structures
comprising both continuous and discontinuous fibers. The fibers used were both,
uncoated and coated - some with nickel electroless plating and some with alumipum.
The preheating was performed in argon as well as in air. The optimum conditions
‘ consisted of vacuum infiltration with aluminum at temperatures between 720°C and
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800°C for times of two to four minutes. Although voids may be present in the
discontinuous case, these are entirely absent from specimens of continuous filbers A
prepared in the correct temperature range. It is shown that there is no significant
difference in either microstructure or mechanical strength for specimens produced

in either argon or air. There are large differences, however, between uncoated-

and nickel-coated fiber specimens. The uncoated fibers produce superior specimens
in every respect. Both continuous- and discontinuous-aligned fiber specimens

have been prepared by this method. :

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 164).

CREEP OF PRESSURE VESSELS

Penny, R. K. and Marriott, D. L. (Liverpool Univ., England)

ASTM ASME, I.M.E., Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, 204.1-204.9 Philadelphia, Pa. (23-28 September 1973), and
Sheffield, England (1-5 April 1974). ,

‘ A serles of tests were made on model aluminum pressure vessels at 180°C.
There were two objectives in this work: (1) to generate experimental data on

creep of complex components, and (2) to assess the ability of some of the danalytical

tools at present availlable to designers for strain accumulation and rupture
predictions. Three pressure vessels have been creep tested to rupture so far,
two of slightly different configuration, under steady internal pressure, and a
third under cyeclic pressure conditions. A finite difference analysis has been
used ‘to predict deformations, and experimental results are also compared with
the approximate reference stress techniques., Some attempt has been made to
predict rupture life using both finite difference, and reference stress methods
and these predictions have been compared with experiments.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 159.
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TIME-TEMPERATURE PARAMETERS - A RE-EVALUATION AND SOME NEW APPROACHES

Manson, S. S. (National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH)

Time-Temperature Parameters for Creep-Rupture Analysis, Proc. Symp. Time-
Temperature Parameters; Methods and Applications for Creep Rupture Data I and 11,
Mat. Eng. Cong., Detroit, Mich., ASM Publication D8~100, 1-113 (October 1968)

A critical evaluation is presented of commonly-used time-temperature
parameters and their validity for use in extrapolations of stress-rupture
properties to long times. The limitations of parametric forms and methods of
determining assoclated constants are discussed and new approaches are presented
which overcome many of these limirations, New parametric forms are also suggested.
Both graphical and high speed computer methods are described. A station-function
procedure is introduced for minimizing errors associated with conventional use of
polynomial approximations. Parameters with universalized constants are discussed
and their limitationms outlined. The potential effect of material instabilities
on the invalidation of predictions used by time-temperature parameters is considered,
and possible procedures for improving predictions for cases involving such instabilities
are discussed,

Important References:

1. Hitzl, L. C. and Sherby, 0. D., A Fundamental Look at CfeEthupture Parameters
as Applied to Several Heat-Resistant Steels, presented at ASM Materials
Engineering Exposition and Congress, Detroit, MI (October 1968).

2. Goldheff, R. M. and Hahn, G. J., Correlation and Extrapolation of Creep-
Rupture Data of Several Steels and Superalloys Using Time~Temperature
Parameters, presented at ASM Materials Engineering Exposition and Congress,
Detroit, MI (October 1968),

3. Manson, S. 5., Design Considerations for Long Life at Elevated Temperatures
James Clayton Lecture Presented at Int. Conf. Creep, London, England
(October 3, 1963).

4, Manson, S. S., Thermal Stress and Low-Cycle Fatigue, McGraw-Hill Book Co.,
New York, NY (1966}, '

5. Mendelson, A., Roberts, Jr., E. and Manson, S. S.,, Optimization of Time-
Temperature Parameters for Creep and Stress Rupture, with Application to
Data from German Cooperative Long-Time Creep Program, NASA-TN-D-2975 (1965).
Key words: Analysis methods; Creep; creep rupture; high temperature; life
(durability); metallic materials.
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A SPECIALIZED MODEL FOR ANALYSIS OF CREEP-RUPTURE DATA BY THE MINIMUM COMMITMENT,
STATION-FUNCTION APPROACH

Manson, S. S. and Ensign, C. R. (National Aeronautics and Space Administratiom,
Lewis Research Center, Cleveland, OH)

NASA~-TM~-X-52999

The use of minimum commitment, station—-function appreoach for correlating
creep-rupture data is discussed. A hypothesized time-temperature-stress relation
is taken in sufficiently general form to include all commonly used parameters.

The functional forms involved in the relation are not taken into analytical form;
rather they are defined as "station functions" - their numerical value at selected
station values of the independent variable. Using station functions not only
avoids "forcing" the pattern of the data, but provides an incidental benefit in’
avoiding ill conditioning of the system of resulting equations, which are computer-
solved for the optimum data representation. This feature also contributes to the
objectiveness of the method, and gives each time-temperature parameter cousistent
with the model an equal chance to demonstrate itself as the correct omne,

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 83).

A CRITICAL ASSESSMENT OF THE LIFE FRACTION RULE FOR CREEP-RUPTURE UNDER NONSTEADY
STRESS OR TEMPERATURE

Woodford, D. A. (General Electric Co., Schenectady, NY)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature Applications,
180.1-180.6 Philadelphia, PA (23-28 September 1973), and Sheffield, England (1-5
April 1974). ' ’

Under conditions of incremental stress or temperature changes, the life
fraction rule predicts that failure will occur when the sum of the fractions of life
equals unity. Experimental data on ferritic steels are used to show that although
this rule may be reasonable for temperature changes, it is inconsistent with material
response to stress changes., The reasons for these differences are considered in
terms of the phenomenology of creep damage. There is a strong semsitivity to stress
history resulting in & loading sequence effect on cumulative life fractiom at -
failure. On the other hand, for temperature changes, the apparent insensitivity to
temperature history is shown to be consistent with the generality of time-temperature
- parametric representations of rupture life. These characteristics are revealed
by a new analysis involving the generation of constant damage curves in terms of
remaining life for both stress and temperature changes. It is shown how families
of these curves may, in principle, be used to predict failure for multiple stress
and temperature changes. Some possible limitations and restrictions in the use
‘of this approach are considered.

Comment :
The introduction of constant damage curves as a method of overcoming the

deficiencies of the life fraction rule is an approach, which should receive further
experimental verification.



Important References:

1. Ellison, E. G. and Smith, E. M., Predicting Service Life in a Fatigue-
Creep Environment, ASTM STP 520, 575-612 (1973).
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Met. Trams. 3, 1777 (1972)

4. Wareing, J., Tomkins, B. and Summer, G., Extent to Which Material Properties
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(1973).
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Key words: Analysié methods; creep; creep rupture; cumulative effectg; failures
(materials); fatigue (materials); high temperature; linear damage
rule; steels; stress; temperature effects,

ENHANCEMENT OF THE CREEP RESISTANCE OF METALS
" ¥ramer, I. R. and Balasubramanian, N. (Martin Co., Denver, CO)
Met. Trans. 4, 431-436 (February 1973)

Large improvements in creep resistance have been obtained in representative
materials (Haynes 188), 321 steel, and titanium (6A1-4V), Enhancement of creep
. resistance was accomplished by eliminating the surface layer which forms during the
loading portion of the creep tests. The treatment consists of prestressing to the
proportional limit and then eliminating the surface layer formed as a result of
this prestressing operation. 4An analysis of the creep data showed that the acti-
vation energy for creep was increased by removal of the surface layer. In addition
elimination of the surface layer decreased the relaxation constant markedly.

Comment:

The effects observed in this paper are not altogether unexpected as a result
of the treatments. Attributing the effects to some undescribed phenomena in the
surface layer is not demonstrated by the critical experiments of specimen size
effect or of testing the specimens before surface removal. For these reasons

the data on the untreated specimens is subject to further interpretation and
clarification.
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Key words: Activation energy; creep; creep analysis; creep tests; metallic
materials; surface layers; surface treatment.
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I1IB - Creep-Fatigue Interactions

THE ROLE OF CREEP IN HIGH TEMPERATURE LOW CYCLE FATIGUE

Manson, S. 8., Halford, G. R. and Spera, D. A. (National Aeronautics and Space
Administration, Lewis Research Center, Cleveland, OH)

Advances in Creep Design, Halstead Press, New York NY, 514-530 (1966)

The role of creep damage in governing elevated temperature, strain cycling
fatigue lives is investigated in this chapter. Experimental and analytical results
are presented for two high temperature alloys. Type 316 stainless steel and the
cobalt base alloy L-605, tested in axial strain cycling over a range of frequencies,
strain ranges and temperatures. Observed cyclic lives are compared with lives
computed on the basis of a linear creep fatigue damage rule.

The pure fatigue life for a given cyclic strain range is assumed to be given
by the method of universal slopes at the temperature of interest. Fatigue damage
is then computed as the ratio of the number of applied cycles to the pure fatigue
life.

The pure creep rupture resistance applicable to cyclic stress conditions is
evaluated using a cyclic creep rupture test wherein the direction of the rupture
stress is reversed each time the creep straln reaches a preset tensile or com-
pressive strain limit., A plot of the cyclic rupture stress against the elapsed
rupture time under only the tensile portion of the loading (corrected for any
fatigue damage that may have occurred as a result of cycling) serves as the creep
rupture curve used in computing creep damage during the ensuing strain cycling
fatigue tests. To calculate creep damage in these latter tests, the complete
stress history is measured from cycle to cycle and throughout individual cycles
as the tests progress. In evaluating creep damage during the axial strain
cycling tests, the compressive stresses are assumed to be equally damaging as
tensile stresses.

Creep damage is taken as the ratio of time under a given stress to the time
to rupture under the same stress. Since creep damage is based upon a stress-
time~-failure criterion, an accurate analysis can be made only if the complete
stress history is determined accurately - a difficult task to perform in most
practical situations outside the laboratocry.

- Summing the creep and fatigue damage and equating the sum to unity establishes
the criterion for failure in accordance with the linear creep-fatigue damage
rule. Cyclic lives computed according to this rule are then compared with the
experimentally observed lives, Calculated lives based on previously proposed
methods of life estimation developed at the NASA laboratory are also presented
for comparisqn.

Although there is generally good agreement between the experimental data
and the present analysis, further verification is required before the analysis
can be applied to other situations with confidence.
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TOWARDS THE STANDARDIZATION OF TIME-TEMPERATURE PARAMETER USAGE IN ELEVATED

- TEMPERATURE DATA ANALYSIS

" Goldhoff, R. M. (General Electric Co., Schenectady, NY) ' _
ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature Applicatioms,
174.1-174.8, Philadelphia, PA (23-28 September 1973), and Sheffield, England

{1-5 April 197&)

A task group was formed with the goal of defining an ASTM standard practice.
for correlating and extrapolating creep-rupture data. An intensive study of
manual and computerized techniques was performed. The minimum-commitment method
was found to be the best of the time-temperature parameter techniques considered.
Good extrapolations can be obtained by manual methods. However, since highly
experienced analysts are needed for the manual methods, itis felt that such
methods cannot serve as a universal standard.

Comment:
This task group report has clarified the plethora of technidues for prediction

and recommended additional effort on the minimum commitment method. This method
shows the greatest promise of development into a standard practice.
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of Aluminum Alloys to 100,000 Hours, J. Mater, 6, 981 (1971)

4, Murray, J. D. and Truman, R. J., The High Temperature Properties of Cr-Ni-Nb
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CONSIDERATIONS OF CREEP~-FATIGUE INTERACTION IN DESICN ANALYSIS
Ellis, J. R. and Esgtergar, E. P. (Gulf Gemeral Atomic, San Diego, CA)
Design for Elevated Temperature Environments, ASME, New York, NY, 29-43 (1971)

A review is made of recent investigations into the effects of strain rate and
hold-periods on the high-temperature fatigue properties of engineering materials.
A new method for analyzing data generated in these investipgations is presented
based on diagrams in which time-to-failure (T) is plotted against cycles-to-
failure (N). These T-N diagrams are used to isolate the effects of time on fatigue
behavior. It is demonstrated that T-N diagrams can also be used to predict rate
and hold-period effects outside the range practicable for testing. A method of
high temperature design analysis is described based on T-N diagrams and on a
form of Miners law modified to account for creep-fatigue interaction. An analysis
performed for sample load histories illustrates that this method involves simple
procedures similar to those currently used in low-temperature design analysis.

Comment ;:

This paper presents T-N daigrams which can be usefully employed in prediction
of life and separation of the fatigue and creep componemts. This technique sliould
find wider application in the future.
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FALCULATION OF THERMAL-FATIGUE LIF¥E BASED ON ACCUMULATED CREEP DAMAGE

Spera, D. A. (National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH)

NASA-TN-D~-5489

This report presents a method for predicting the onset of thermal-fatigue
cracking in high temperature components under service conditions. Starting from
basic material properties, life is calculated by considering two distinct failure
modes, (1) cyclic creep-rupture, using a modification of the well-known 1ife-
fraction rule proposed by Robinson and Taira, and (2) conventional, time-
dependent, low-cycle fatigue, using empirical equations of the method of universal
slopes by Manson. The method is illustrated by using Glenny~type thermal ‘
fatigue data on the nickel-base alloy nimonic 80. In 24 of the 28 cases analyzed
cyclic creep rupture was the dominant failure mode. .
(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,

SEE PAGE 82).
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COMBINED LOW-CYCLE FATIGUE AND STRESS RELAXATION OF ALLOY 800 AND TYPE 304
STAINLESS STEEL AT ELEVATED TEMPERATURES

Jaske, C. E., Mindlin, H. and Perrin, J. S. (Battelle Columbus Labs, OH)
Fatigue At Elevated Temperatures, ASTM STP 520, 365-376 (August 1973)

A detailed analysis was made of data from low-cycle fatigue tests of solution-
annealed, nickel-iron-chromium Alloy 800 at 538°C, 649°C, and 760°C of Type 304
austenitic stainless steel at 538°C and 649°C with holdtimes at maximum tensile
strain. A single equation was found to approximate the eyclically stable stress
relaxation curves for both alloys at these temperatures. This equation was then
used in making a linear time fraction creep damage analysis of the stable stress
relaxation curves, and a linear life fraction rule was used to compute fatigue
damage. Creep-fatigue damage interaction was evaluated for both alloys using the
results of these damage computations. Strain range was found to affect the damage
interaction of Type 304 stainless steel but not for Alloy 800. With increasing
holdtime, both creep and total damage increased for the Alloy 800 and decreased
for the Type 304 stainless steel, and fatigue damage decreased for both alloys.

A method was developed to relate length of holdtime and fatigue life to total
strain range. This method provides a simple and reasonable way of predicting
fatigue life when tensile holdtimes are present.
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Key words: Analysis methods; cyclic loads; damage; fatigue (materials); fatigue life;
high temperature; high temperature environments; life prediction;

low-cycle fatigue; stainless steels; stress relaxation; tensile stress;
thermal fatigue,
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TEMPERATURE EFFECTS OF STRAINRANGE PARTITIONING APPROACH FOR CREEP FATIGUE ANALYSIS
Halford, G. R., Hirschberg, M. H. and Manson, §. 8. (National Aeronautics and

" Space Administration, Lewis Research Center, Cleveland, 0OH) '
Fatigue at Elevated Temperatures, ASTM STP 520, 658-669 (August 1973).

Examination is made of the influence of temperature on the strainrange
partitioning approach to creep fatigue. Results for 2.25Cr-1Mo steel and Type
316 stainless steel show that four partitioned strainrange-life relationships to
be temperature insensitive to within a factor of two on cyclic life. Monotonic
creep and tensile ductilities were also found to be temperature insensitive to
within a factor of two. The approach provides bounds of cyclic life that can be
readily estgblished for any type of inelastic strain cyecle. Continuous strain
cycling results obtained over a broad range of high temperatures and frequencies .
are in excellent agreement with bounds provided by the approach.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 79). - :

DUCTILITY EXHAUSTION MODEL FOR PREDICTICON OF THERMAL FATIGUE AND CREEP INTERACTION
Polhemus, J. F., Spaeth, C. E. and Vogel, W. H. (Pratt and Whitney Aircraft,

East Hartford, CT) : o
Fatigue at Elevated Temperatures, ASTM STP 520, 625-636 (August 1973)

Extensive laboratory testing of typical alloys used in gas turbine blading
has shown that there is a strong interaction of the thermal fatigue and creep’
damage modes which is nonlinear in nature. Consequently, a model for cumulative

* damage analysis was developed using an exhaustion of ductility concept in which

the total available ductility is derived from baseline thermal fatigue tests or,
' a1ternatively, estimated from stress-rupture tests. A cycle-by-cycle reckoning

of ductility used and remaining is made with the use of a digital computer program, .

and cracking is ultimately predicted at the point where the remaining ductility
is insufficient to complete another cycle. The developed analysis is shown to’
correlate with laboratory test results. The understanding and design procedure
developed make it possible to simulate complex service conditions im digital
computer programs and evaluate designs and materials in simulated "fly-offs".

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 84).

THE INTERACTION OF CREEP AND FATIGUE FOR A ROTOR STEEL
Leven, M. M, (Westinghouse Astronuclear Lab, Pittsburgh, PA.)
Exp. Mech. 353-372 (September 1973)

Twenty tests were performed on a 1Cr-1Mo-1/4V rotor steel ‘at 1000°F (538°C)
to determine the interaction of creep and low-cycle fatigue. These tests involved
five different types of strain-controlled cycling: creep at constant tensile
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stress; linearly varying strain at different frequencies; and hold periods at
maximum compressive strain, maximum tensile strain, or both.

The experimental data were then used to characterize the interaction of creep
and fatigue by the:

(1) Frequency-modified strainrange approach of Coffin;

(2) Total time to fracture versus the time of one cycle relation as proposed
by Conway and Berling;

(3) Total time to fracture versus the number of cycles to fracture
characterization of Ellis and Esztergar;

(4) Summation of damage fractions obtained from tests using interspersed
creep and fatigue as proposed by the Metal Properties Council;

{5) Strainrange-partitioning method of Manson, Halford, and Hirschberg.

In order to properly assess the strainrange-partitioning approach, seven
additional tests were_performed at the NASA Lewis Research Center.

Visual, ultrasonic, and acoustic-emission methods of crack-initiatiom,
determination were unsuccessful. An approximate indication of crack initiation

was obtained by finding the cycle where the stress-cycle curve first deviated
from a constant slope.

Predictive methods (based on monotonic tests)} for determining the fatigue life
in (the creep range were examined and found deficlent, though they may still be
useful for preliminary comparison of materials and temperatures.

The extension of the frequency-modified strainrange approach to notched
members was developed and the results of notched-bar tests were shown to cor-

roborate this approach, when crack initiation for the plain and notched bars
was compared.

Comment:

This review paper does an excellent job of characterizing the techniques
employed to explain creep and fatigue behavior. In addition it shows the drawbacks
and limitations of these approaches and points the way to further work required.
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IITA ~ Isothermal Fatigue

MECHANISMS OF HIGH-TEMPERATURE FATIGUE
Gell, M, and Leverant, G. R. (Pratt and Whitney Aircraft East Hartford, Conn)
ASTM STP 520, 37-67 (August 1973)

A review is presented of high-temperature fatigue mechanisms, with emphasis
on nickel-base superalloys. Elevated temperature fatigue fracture can be inter-
_granular or transgranular. The rate of crack initiation and propagation is much
' faster when it occurs intergrandularly than when it occurs transgranularly. It
is, therefore, important to be able to predict the mode of failure for given
service conditions. If failure is transgranular, then it can occur in one of
two modes; the stage I mode is along slip planes and is in directions of high shear
stress and the stage 1T mode is noncrystallographic and normal to the principal
stress direction. It is presently possible to predict under certain circumstances
whether transgranular cracking will occur in the stage I or stage II modes, but the
more significant transition from transgranular to intergranular cracking requires
additional work. The transition from transgranular to intergranular fracture and
the rate of intergranular cracking can be related to the creep component and the ‘
amount of oxidation occurring in the fatigue cycle. Increasing the creep component
and the oxidation promotes intergranular cracking. The creep component 1s dependent
on the temperature, frequency, holdtime, and mean stress. Cracking often starts ‘
in the form of cavities or microvoids at the surface of nonmetallic precipitates
in grain boundaries. It has been demonstrated that such cavity formation occurs
more easily in the presence of a fatigue stress than for the case of simple creep.
Oxidation attack also promotes intergranular cracking because grain boundaries
and their environs are zomes of chemical segregation and precipitation that have - .
poor oxidation resistance. The preferential oxide penetration along a grain
boundary is equivalent to a notch of the same depth. Perhaps the most success to

date has been in relating the slip character and tramsgranular fracture mode of a
‘material to conditions of temperature and frequency. Planar slip is favored by
" low temperatures, small strains, and high frequencies in materials of low stacking
fault energy. It has been demonstrated in nickel-base superalloys that stage I
fracture occurs when planar slip is generated at a stress concentration or at a
crack tip and that stage II fracture occurs when wavy or homogeneous slip is
generated. The conditions of temperature and strain rate for generation of each
type of deformation have been determined. These concepts of slip character,
creep component, oxidation, and fracture mode have been used in a qualitative
manner to explain the common phenomenclogical observations made in investigations
of high-temperature fatigue.
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LOW CYCLE FATIGUE AND CYCLIC STRESS-STRAIN BEHAVIOR OF INCOLOY 800

Conway, J. B., Berling, J. T. and Stentz, R. H. (Mar-Test Inc., Cincinnati, OH)
Met. Trans. 3, 1633-1637 (June 1972)

Strain-controlled low-cycle fatigue tests of solution-annealed Incoloy 800

were performed at temperatures of 538°C, 649°C, 704°C, and 760°C using axial

strain rates of 4 x 10~3 and 4 x 10~% seconds. A few hold time tests were also
performed to indicate a noticeable reduction in fatigue life at hold times of 10
and 60 minutes. A comparison of these fatigue data with similar results for AISI
304 stainless steel indicates essentially identical behavior. An extensive
study was made of the cyclic stress-strain behavior of Incoloy 800 and the relation- .
- ship between the cyclic strain-hardening exponent and fatigue behavior was confirmed.
Exponents on N in the elastic and plastic strain range terms of the total strain

range equation are 1dentified and compared with those used in the universal slopes
equation.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 143).

STRAIN RATE AND HOLDTIME SATURATION IN LOW-CYCLE FATIGUE: DESIGN-PARAMETER PLOTS
Conway, J. B., Berling, J. T. and Stentz, R. H. (Mar-Test, Inc., Cincinnati, OH)
Fatigue at Elevated Temperatures, ASTM STP 520, 637-647 (August 1973)

A detailed study was made of the effect of strain rate and hold periods on
the low-cycle fatigue behavior of AISI 304 stainless steel at 650°C. Data are
presented in terms of a logarithmic plot of cycles to fracture versus cycle time
to reveal several important regimes, At very small cycle times the fatigue life
is independent of strain rate. As the strain rate is decreased the fatigue
life is reduced and finally a saturation effect is noted at a strain rate close to
4 x 10™4 per segcond. In the region prior to saturation, strain rate and hold
periods have the same effect on fatigue life as long as they are compared at the
same cycle time. Hold-period effects also exhibit a saturation effect, but this
occurs at 3 fatigue life lower than that corresponding to the strain rate

50



saturation level. For hold periods in tension only the holdtime effect is shown

to be dependent upon the strain rate employed in that portion of the cycle exclusive
of the hold periocd. Design-parameter plots are introduced to provide an extensive
presentation of fatigue data and a graphical solution for the fatigue life at a
given temperature once values for strain range, strain rate, and hold period are
selected.
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Key words: Cyclic loads; fatigue (materials); fatigue life; fatigue tests; High
‘ ‘temperature; high temperature environments; load cycles; load rest
periods; low-cycle fatigue; stainless steels; strain; strain rate.

A COMPREHENSIVE CHARACTERIZATION OF THE HIGH TEMPERATURE FATIGUE BEHAVIOR OF
A286
Henry, M. F., Solomon, H. D. and Coffin, Jr., L. F. (General Electric Co.,
Schenectady, NY) :
ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature Applications,
182.1-182.7, Philadelphia, PA (23-28 September 1973), and Sheffield, Engl -
April 1974). ’ P ’ > Bngland (1-5

The high strain behavior of A286 at 593°C is examined in a multi-faceted program.
The program includes phenomenclogical studies on life prediction in smooth bars
and on crack propagation in single-edge-notched specimens. It is shown that the
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life~prediction equations can be used to account for frequency, wave shape
(including hold times) and notches, environment is shown to have a strong effect
~on the fatigue life when cyclic frequency is varied. Studies from a metallurgical
viewpoint are presented on fatigue crack nucleation and propagation. Nucleation
and propagation mechanisms are found to be transgranular and intergranular at

high and low frequencies respectively. It is shown that the strain range
partitioning concept is inapplicable for A286 at 593°C, due most probably to the
strong environmental interaction. Key areas are pointed out where 1nformatiqp is
still lacking.
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FATIGUE AT ELEVATED TEMPERATURES: .A REVIEW OF TEST METHODS
Carden, A. E. (Alabama Univ., Univ. AL)
Fatigue at Elevated Temperatures, ASTM STP 520, 195-223 (August 1973)

The study of fatigue at elevated temperature requires the evaluation of
material response to several load-time profiles In specified thermal-chemical-
nuclear-electric fields. This review of test methods emphasizes the relationships
between pure low-cycle fatigue and temsile, fracture toughness, creep, cyclic-
creep, creep fatigue (interspersion), fatigue-cycle with hold, dynamic creep,
fatigue crack’ growth, and high-cycle fatigue testing. The thermal and environmental
control is discussed. Special attention is given to isothermal-uniaxial, bending,
torsion, and combined stress tests. Cyclic thermal testing is reviewed. Strain
measurement, signal conditioning, computer utilization, fatigue crack growth, vacuum
and fractography are reviewed as they pertain to fatigue at elevated temperature.
Specimen design, gripping, and testing machine characteristics are also discussed.
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There is no one test that will characterize a material response to displacement
or load cycling when time and environment are left undefined. The principle
variables of fatigue are the load-displacement cycle, the thermal-chemical-
nuclear-electric fields, the specimen's geometrical response to load (buckling,
ratchetting, crack growth, and terminal fracture), and the chronological arrangement
of the stress or strain at the point that will lead eventually to failure. Test
methods and understanding of the processes of fracture by fatigue are dependent
mutually on the other for further development. The log(t) versus log (Ng) plane is
recommended as a good coordinate reference for categorization of the effects of
time (or frequency) and of the creep-fatigue interaction relationship. The results
of different test methods lie in different regions of this coordinate map yet
bear a relationship to neighboring data. An appeal is made for improved methods
and more economical ways of obtaining data, better utilization of facilities,
utilization of the computer and electronic technologies in the performance of tests
and reduction of data, of statistical analysis of data, and of some additional
contributions on the design of experiments. Prototype and fullscale testing seems
to be an area of continuing development.

Comment:

This very well documented review of test methods as related to fatigue at
elevated temperatures provides an excellent base for present understanding and
future work.
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IIIB — Thermal Fatigué

A METHOD OF ESTIMATING HIGH-TEMPERATURE LOW-CYCLE FATIGUE BEHAVIOR OF MATERIALS
Manson, S. S. and Halford, G. (National Aeronautics and Space Administration, ‘
Lewis Research Center, Cleveland OH)

Proc. Int. Conf. Thermal and High Strain Fatigue, The Metals and Metallurgy
Trust, London, England, 154-170 (1967).

A method is described whereby static-tensile and creep-rupture properties can
be used to estimate lower bound, average, and upper bound low-cycle fatigue
behavior in the creep range. The approach is based primarily on the method of
universal slopes previously developed for estimating room-temperature fatigue
behavior, and in part on a highly simplified creep-rupture-fatigue analysis.
Reasonable agreement is obtained when the estimates are compared with total
strain range/life data for numerous engineering alloys. Included in the study are
coated and uncoated nickel-base alloys, a cobalt-base alloy, low-and high-alloy
steels, and stainless steels tested under laboratory conditions over a wide range

of temperatures and cyelie rates.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 92).

MATHEMATICAL TECHNIQUES APPLYING TO THE THERMAL FATIGUE BEHAVIOUR OF HIGH TEMPERATURE'
ALLOYS

Howe, P. W. H. (National Gas Turbine Establishment, Pyestock, England)
Aeron.Q-13, Pt. 4, 368-396 (November 1962) ‘

The high temperature thermal fatigue of Nimonic alloys can be analyzed
using short-time creep deformation data and cyclic stress endurance data.
Experimental and calculated thermal fatigue endurances have been correlated in
magnitude and over ranges of temperature, strain, and strain-rate. Transient
temperatures in turbine blades can be calculated for a wide range of conditions
using Biot's variational method. Combining the thermal strain obtained
from Biot's method with a simplified mathematical description of high temperature
material behavior leads to a differential equation for thermal stress, whecih can
be solved for a wide range of conditions. The correlation of experimental and .
theoretical thermal fatigue endurances provides an example of these methods, and
supports their more general application.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 99). '
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CALCULATION OF THERMAL-FATIGUE LIFE BASED ON ACCUMULATED CREEF DAMAGE ‘
Spera, D. A. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH)

NASA-TN-D-5489

This report presents a method for predicting the onset of thermal-fatigue
cracking in high temperature components under service conditions. Starting from
basic material properties, life is calculated by considering two distinct failure
modes, (1) cyclic creep-rupture, using 2 modification of the well-known life-
fraction rule proposed by Robimson and Taira, and (2) conventional, time-
dependent, low-cycle fatigue, using empirical equations of the method of universal
slopes developed by Manson. The method is illustrated by using Glenny-type
thermal fatigue data on the nickel-base alloy Nimonic 90. 1In 24 of the 28
cases analyzed cyclic creep trupture was the dominant failure mode.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 82). o '

OBSERVATIONS AND INTERPRETATION OF CRACK PROPAGATION UNDER CONDITIONS OF TRANSIENT
THERMAL STRAIN ' _

Mowbray, D. F. and Woodford, D. A. (General Electric Co., Schenectady, NY)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, 179.1-179.11. Philadelphia, PA (23-28 September 1973), and
Sheffield, England (1-5 April 1974)

Tapered disk thermal fatigue tests have been conducted on one nickel (Rene 77)
and one cobalt (FSX 414) base alloy. Measurements of crack length as a function of
number of thermal cycles were made on cracks growing from notches machined on the
specimen periphery. The effect on crack propagation of peripheral radius (strain
range), maximum temperature between 1093°K and 1343°K, and hold time at maximum
temperature between 1 and 60 minutes is reported. Respounses of both alloys showed
identical trends in rhat increasing hold time or maximum temperature first caused
an increagse in the measured crack growth rate, but then showed a decrease at long
hold times or high temperatures. It is proposed that in both alloys there are two
competing processes cccurring, namely a cycle dependent creep/environmental
damage at the crack tip and a time-dependent microstructural change resulting in
enhanced crack propagation resistance with accumulated time at temperature. The
measured effect of hold times at temperature and the observed microstructural
features point to the major crack advance occurring during the heating shock and
helding period rather than at the maximum tensile stress which develops during
the cooling shock. This coneclusion is supported by a non-linear analysis of the
" disk periphery which shows that, because of reversed plastic flow, a tensile
stress develops at or near the highest temperature in the cycle.

Comment :

The basic information in this paper should be of value in developing improved
resistance to heat checking on vanes in gas turbine engines.
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COMPARISON OF EXPERIMENTAL AND THEORETICAL THERMAL FATIGUE LIVES FOR FIVE NICKEL-
BASE ALLOYS

Spera, D. A. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH) '

Fatigue at Elevated Temperatures. ASTM STP 520, 648-657 (August 1973)

Allovs investigated were Nimonic 90, IN-100, coated IN-100, B-1900, coated
B-1900, MAR M200, and MAR M200DS (directionally solidified). Maximum temperatures
ranged from 770°C to 1200°C. Specimen geometries included tapered disks, double-
edge wedges, and cambered airfoils. The disks and wedges were heated and cooled
in fluidized beds. The airfoil specimens were heated by a Mach 1 natural '
gas burner and rapid air-cooled, with and without spanwise loading. Life calcu-
lations included two distinct failure modes: conventional low-cycle fatigue and
cyclic creep. Required material properties were limited to conventional thermal,
tensile, and creep-rupture data. The complete life calculation system Included the
calculation of transient temperature distributions, thermal strains, stresues,
creep damage, fatigue damage, and finally cycles to first crack. Calculated lives
were within a factor of two for the 76 of the 86 data points analyzed. Cyclic
creep accounted for 80 percent of all the calculated damage.

1
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THERMAL-FATIGUE RESISTANCE OF 15 HIGH-TEMPERATURE ALLOYS DETERMINED BY THE FLUIDIZED-
BED TECHNIQUE

Spera, D. A., Howes, M. A. H. and Bizon, P. T. (National Aerconautics and Space
Administration, Lewis Research Center, Cleveland, OH; ITT Research Institute,
Chicago, IL)

NASA TM-X-52975 (March 1971)

Thermal-fatigue tests were conducted on B-1900, IN-100, IN-100DS (directionally
solidified), MAR M200, MAR M200DS, IN-162, IN-713C, M22, TAZ 8A, U~700 (wrought and
cast), TD NiCr, X-40, WI-52, and MAR M302. Alloys B-1900, IN-100 and IN-100DS
were also tested with aluminide coating. Among the 18 materials tested, cycles
to cracking differed by more than two orders of magnitude. Coating and directiomal
solidification were a definite benefit. However, the directionally solidified
alloys suffered considerable weight loss through oxidation. Cycles to cracking

calculated theoretically for IN-100 and B-1900, coated and uncoated, were
in agreement with the data.

Comment :

These tests in the IITRI fluidized bed provide a technique for qualitative
evaluation of engine materials. They noted a progression from intergranular

cracking at low shock cycles to transgranular at high cycles, which is significant
in terms of optimum structures for turbine blades.
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OXIDATION AND THERMAL FATIGUE CRACKING OF NICKEL-AND COBALT-BASE ALLOYS IN A~
HIGH VELOCITY GAS STREAM .
Johnston, J. R. and Ashbrock, R. L. (National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, OH)

NASA-TN-D-5376 (August 1969).

An investigation was conducted to determine the resistance to oxidation of
typical gas turbine alloys exposed alternately to high and low temperature,
high velocity gas streams. A natural gas-compressed air burner was used to
produce velocities up to Mach 1 and specimen temperatures up to 2000°F (1093°C).
The materials tested included six nickel-base alloys: IN-100, B~1900, MAR M-200,
TAZ-8A, Hastelloy X, and TD-NiCr, and four cobalt-base alloys: L-605, X-40,
MAR M-509A, and WI-52.

In a standard test of 100 cycles of 1 hour at temperature in a Mach 1 gas
stream followed by rapid colling to room temperature, the nickel-base alloys as
a class experienced less weight loss than the cobalt-base alloys. The average
values of weight loss varied widely from 216 to 23,700 milligrams after 100
hours at 2000°F (1093°C). Of the cobalt-base alloys, X-40 had the lowest weight
loss, which was only slightly less than that of MAR M~200. The latter alloy
had the highest weight loss of all of the nickel alloys. Of all the alloys tested,
the cast cobalt-base alloy, WI-52, was the least resistant to welght loss. After
100 hours, surface recession paralleled weight loss and ranged from 0.3 to 50 mil
(0.008 to 1.3 mm). '
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Cast cobalt-base alloys were more resistant to thermal fatigue cracking than
conventionally cast nickel-base alloys. However, directionally solidified and.single
grain MAR M-200 castings and wrought Hastelloy X had no cracks even after 100 cycles
at 2000°F (1093°C). ‘

At 2000°F (1093°C) under simulated steady-state operation (10-hour cycles with
free air cooling to room temperature) the average weight loss was less for the six
alloys so tested than at standard conditions. Cobalt alloys showed more improvement
in oxidation resistance from the change in cycle than the nickel-base alloys. No
cracking was observed in any alloy under these conditionms. When the lower temperature
during a 2000°F (1093°C) test was restricted to 1200°F (649°C), the propensity
toward cracking was unchanged for IN-100, and B-1900, but substantially reduced
for WI-52. However, weight loss decreased substantially for all alloys so tested.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 115).

THE STATIC AND CYCLIC CREEP PROPERTIES OF THREE FORMS OF A CAST NICKEL ALLOY
Harrison, G. F. and Tilly, G. P. (National Gas Turbine Establishment, Farnsborough,
England)

Proc. ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, Sheffield, England, 222.1-222.9 (1-5 April 1974).

The static and cyclic creep properties of conventionally cast, directiomally
solidified and single crystal forms of a cast nickel superalloy, MAR M246, have
been evaluated at 850°C and 900°C. Tensile and compressive creep curves have been
obtained at constant stress and the results analyzed using power law creep terms.
Typically, directionally solidified specimens have tensile lives twice those of
comparable conventionally-cast materials, and rupture strains three or four times
greater. Increase in specimen size raised the life of conventionally cast material
but had no effect on single crystals. Differences between tensile and compressive
creep properties were accentuated in the tertiary stages of deformation. 'No
improvement in compressive creep resistance was obtained using directionally
solidified or single crystal specimens. Equations developed previously from strain
hardening theory gave an accurate estimate of behavior under c¢yclic tension. This

theory has been extended to include push-pull loading and is shown to give a
satisfactory correlation with the data.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 31),
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THE FATIGUE CHARACTERISTICS OF UNIDIRECTIONALLY SOLIDIFIED Al—Al3Ni EUTECTIC
ALLOY

Hoover, W, R. and Hertzberg, R. W. (Lehigh Univ., Bethlehem, PA)

Trans. Amer. Soc. Metals 61, 769-~776 (1968)

Unidirectional solidification of the Al-Al3Ni eutectic alloy produces an
aligned microstfucture consisting of discontinuous AlgNi wiskers in an Al
matrix which behaves as a fiber-reinforced composite material. The fracture
. mechanism of this composite under cyclic loading is examined macroscopically,
metallographically and fractographically. It is observed that at high stress
amplitudes the fracture is controlled by the rupture of the Al;Ni whiskers.
At low stress amplitudes where the stress concentration at the crack tip is
insufficient to cause whisker rupture, the fracture is controlled by the fatigue
resistance of the matrix, the crystallographic orientation of the matrix and the
strength of the Al;Ni whisker-Al matrix interfacial bond. At these low stress _
amplitudes, the fatigue crack is found to be deflected by the Al3Ni whiskers and is
observed to propagate through the Al matrix parallel to the loading axis.
‘Evidence is presented to show that the two phases of this composite material undergo-
unégual amounts of strain during cyclic loading.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 163).

THE INFLUENCE OF SPECIMEN GEOMETRY ON THERMAL-FATIGUE BEHAVIOUR :
Glenny, R. J. E. (National Gas Turbine Establishment, Pyestock England)
The Metals and Metallurgy Trust, London, England (1967).

Thermal-fatigue tests on six high-temperature nickel alloys were conducted
to determine the influence of changes in specimen gecmetry on thermal endurance,
by means of the fluidized-bed technique. The tests involved alternate rapid
heating and rapid cooling between 20°C and 920°C. The results on tapered disks
and airfoils showed that a decrease in the size of geometrically similar specimens
did not lead to progressive increases in endurance, because of the opposing
effects of mass and edge radius. Changes in geometry resulting from surface damage
produced mechanically, e.g., by machining or by impact, or chemically, e.g., by
oxidation, can drastically lessen the number of ecycles to initiate thermal-fatigue
ceracks and to propagate such cracks to a significant size.

Comment:

This paper is a summary of an extensive test program conducted over a ten
year period at the National Gas Turbine Establishment in England. The experimental

data developed has been employed in the development of subsequent 1life prediction
techniques.

Key words: Crack pgrowth rate; cracks; damaged structure life; edge crack
specimens; failures (materials); fatigue {materials); gas turbine
engines; geometric effects; heat rédistant alloys; high temperaturé
environments; load cycles; notch sensitivity; notches; stress; stress
concentration; thermal cycles; thermal fatigue; thermal stresses;
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I1T1IC - Thermal/Mechanical Fatigue

THERMAL STRESS AND LOW-CYCLE FATIGUE

Manson, S. S. (National Aeronautics and Space Administration Lewis Research
Center, Cleveland, OH)

McCraw-Hill Book Co., New York, NY (1966)

This book is an outgrowth of several compilatilons by the author of the state _
of knowledge in two major fields of current engineering interest: thermal stress and
low-cycle fatigue. Chapters in the book include: elastic stresses; plastic flow
and creep; behavior of materials under stress and strain cycling; cyclic plasticity;
thermal-stress fatigue of ductile materials; thermal shock; choice of materials;
and mitigation of thermal stresses by design configuration. Different methods for
solutions are described, each having their advantages and limitations. A number
of methods that have been effectively applied for determining thermal stresses
in the elastic range are presented. Some of these methods are: the beam—-analysis
approach, which leads most simply to the determination of the most significant
stresses; various energy methods, such as Heldenfils and Roberts; the method of
self-equilibrating polynomials; and direct method of applying station function and
collocation to the solution of ordinary and partial differential equations. The
true significance of thermal stresses in ductile materials cannot be assessed unless
conslderation is given to the plastic range. In general, fracture by thermal
stress fatigue involves consideration of plastic flow on a macroscopic level,

Methods are given for computing stress distribution when the yield point of the
material is exceeded.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 16).

LOW-CYCLE FATIGUE QF THREE SUPERALLOYS UNDER CYCLIC—EXTENSION AND CYCLIL—
TEMPERATURE CONDITIONS

Carden, A.E,, Kyzer, R.ID. and Vegel, W. H. (University of Alabama, and Pratt and
Whitney Adrceraft, East Hartford, CT) :

ASME Paper 67—MET-19 (1967)

A new test method is described which is versatile and offers preat flexi-
bility iu programming strain for stress and temperature independently and synchron-
ously. Alsc a unique strain measurement system allows the direct recording of the
mechanrical component of strain independent of the thermal component. The results
of tests of two nickel- and one cobalt-base superalloys are presented as an
example of the utility of the test method. These tests were performed on coated
tubular specimens. The temperature was programmed to cycle between 250°C and
982°C in phase with an extension cycle program. The test results show the effect
of hold time at constant extension (relaxation cycling) of the three alloys.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 139).
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THERMAL~MECHANICAL FATIGUE CRACK PROPAGATION IN NICKEL-AND COBALT-BASE SUPERALLOYS
UNDER VARIOUS STRAIN-TEMPERATURE CYCLES

Rau, Jr., C. A., Gemma, A. E. and Leverant, G. R. (Pratt and Whitney Aircraft,
Middletown, CT).

Fatigue at Elevated Temperatures, ASTM STP 520, 166-178 (1973)

Crack propagation rates under isothermal and thermal fatigue cycling have
been determined for a conventionally-cast cobalt-base superalloy, and conventionally-
cast and directionally-solidified nickel-base superalloys. Linear elastic
fracture mechanics, where the crack growth rates under different strain ranges or
for various crack lengths depend only on the strain intensity factor range, was
found to be applicable over the range of crack growth rates of wmost practical
importance. A comparison of crack growth rates is made for thermal fatigue under.
various strain-temperature cycles and isothermal low-cycle fatigue, and the influence
of coatings and superimposed creep is discussed.

Based on the experimental effort the following conclusions are drawnm.

1, LineaF elastic fracture mechanics can be applied to thermal fatigue crack
propagation of nickel-and cobalt-base superalloys under conditions of small
plastic strains,

2, For crack growth rates less than 10-4 in/cycle, the growth rate depends
only on AKg and is independent of strain range, mean strain, and mean
stress (for the range of mean strains and strain ranges investigated)}.

3. Cycle I* thermal fatigue crack propagation rates are more rapid than low
- temperature isothermal low cycle fatigue crack growth rates where the fracture
mode is the same and slightly more rapid than Cycle 1I thermal fatigue.

4.,  Cycle I crack growth rates increased slightly with increasing maximum
temperature.

5. Directionally solidified nickel-base supéralloy has a markedly slower crack
growth rate than a conventionally cast nickel-base superalloy of similar
microstructure,

6. Coatings have no effect on growth rates of through-the-thickness cracks with
one exception. Thin-walled specimens tested with the peak tensile strain
in the temperature range where the coating is relatively brittle show an
accelerated crack growth rate. '

* (Cycle 1 is defined as that cycle which produced the maximum tensile strain at
the minimum temperature,

Cycle II is a similar ecycle where the tensile strain peaked at the maximum
temperature.
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Comment :

This paper examines the fatigue crack propagation in superalloys under

thermal /mechanical cycling designed to approximate turbine engine conditions.
The data developed is useful in characterizing materials in terms of materials
selection but should be employed with caution for design purposes because of the
more complex conditions existing in engines.

Important References:

1.

James, L. A. and Schwenk, Jr., E, B., Fatigue - Crack Propagation of
Type 304 Stainless Steel at Elevated Temperatures, Met. Trans. 2,
491-496 (1971).

Popp, H. G. and Coles, A., Subcritical Crack Growth Criteria for Inconel 718
at Elevated Temperatures, AFFDL-TR-70-144, 71-86 (September 1970).

James, L. A., The Effect of Frequency Upon the Fatigue-Crack Growth of
Type 304 Stainless Steel at 1000°F, Mater. Symp. on Fract. Mech., 5th,
Urbana, IL (August 1971).

Howes, M. A. H., Thermal Fatigue Data on 15 Nickel-and Cobalt-Base Alloys,
IITRI Report B6078-38 (1970).

Murphy, M. V. V. and Bapu Rao, M., Stress in a Cylindrical Shell Weakened
by an Elliptic Hole with Major Axis Perpendicular to Shell Axis,
Trans. ASME, Series E, 539-541 (June 1970).

McEvily, Jr., A. J., Fatigue Crack Growth and the Strain Intensity Factor, AFFDL-
TR-70-144, 451-459 (September 19/u).

Key words: Cobalt alloys; crack propagation; cyclic loads; fatigue (materials);
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VACUUM THERMAL-MECHANICAL FATIGUE TESTING OF TWO HIGH TEMPERATURE ALLOYS

Sheffler, XK. D. (TEW Equipment Labs., Cleveland, OH)
NASA-CR-134524 (January 31, 1974).

Ultrahigh vacuum elevated temperature low cycle fatigue and thermal fatigue

tests of 304 stainless steel and A-286 alloy have shown significant effects

of frequency and combined temperature-strain cycling on fatigue life. At
constant tmeperature, the cycle life of both alloys was lower at lower fre-
quencies. Combined temperature - strain cycling reduced fatigue life with
respect to isothermal life at the maximum temperature of the thermal cycle.

Life reductions with in-phase thermal cycling (temsion at high temperature,
compression at low temperature) were attributed to grain boundary cavitation
caused by unreversed tensile grain boundary sliding. A specific mechanism

for out-of-phase (tension at low temperature, compression at high temperature)
life reductions could not be established in the 304 stainless steel test material
because of geometric instabilities which occurred as a result of the thermal-
mechanical cyecling. In the A-286 alloy, where out-or-phase geometric instabilities
were not observed, the out-or-phase  life reductions were attributed to grain
boundary cavitation. The proposed mechanism for out-of-phase cavity generation
involved accumulation of unreversed compressive grain boundary displacements

"which could not be geometrically accomodated by intragranular deformation

in the low-ductibity A-286 alloy.

Important References:

1. Manson, S$. 5., Thermal Stress and Low Cycle Fatigue, McGraw H111
New York {1966).

2. - Lindhelm, ¥. $. and Davidson, D. L., Low-Cycle Fatigue with Combined
Thermal and Strain Cycling, ASTM STP 520, 473-481 (1973).

3. Sheffler, K. D, and Doble, G. S., Thermal Fatigue Behavior of T-111:
r and ASTAR 811C in Ultrahigh Vacuum, ASTM STP- 520, 491-499 (1973).

4. Rau, Jr., C. A., Gemma, A. E. and Leverant, G. R., Thermal-Mechanical
Fatigue Crack Propagation in Nickel-and Cobolt~Base Superalloys Under
Various Strain-Temperature Cycles, ASTM STP 520, 166-178 (1973).

5. Sheffler, K. D. and Doble, G. S., Influence of Creep Damage on the Low
Cycle Thermal~Mechanical Fatigue Behavior of Two Tantalum Base Alloys,
NASA-CR-121001 (May 1, 1972).

Key words: Creep; cumulative damage; cyclic creep; cyclic testing; fatigue
: ‘ (materials}; grain boundaries; heat resistant alloys; high tempera-

ture tests; life prediction; microstructures; strainrange partitioning;
thermal fatigue.
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THE PARTITIONED STRAINRANGE FATIGUE BEHAVIOR OF COATED AND UNCOATED MAR-M-302
AT 1000°C (1832°F) IN ULTRAHIGH VACUUM

Sheffler, K. D. (TRW) Equipment Labs., Cleveland, OH).

NASA-CR-134626 (June 1974),

Elevated temperature (1000°C) vacuum fatigue tests have been conducted
on uncoated and aluminide (PWA 45) coated cobalt-base MAR-M-302 alloy with the
four different types of thermal-mechanical reversed inelastic strain cycles
(wave shapes) defined by the method of strainrange partitioninmg. Results of
these tests indicated two major conclusions. First, there was no significant
influence of the aluminide coating on the thermal-mechanical fatigue life of
the MAR-M-302 alloy. ‘Second, variations in the type of thermal-mechanical
fatigue cycle applied caused significant variations of fatigue life for both
coated and uncoated material. the longest lives were achieved with Epp type
cycling, while the Ecc cyele caused a reduction of fatigue life of about 1/2
order of magnitued with respect to the Epp life. The Ecp type cycle caused a
1ife reduction of between 1-1/2 and 2 orders of magnitude relative to the Epp
life, while the Epc type cycle provided a fatigue life which appeared to be
comparable to that generated by the E.. cyeles.

Important References:

1. Manson, S. S., Halford, G. R. and Hirschberg, H. M., Creep-fatigue
) Analysis by Strainrange Partitioning, Design for Elevated Temperature
Environment, ASME, 12-24 (1971),

2. Sheffler, K. D. and Doble, G. S., Influence of Creep Damage on the
Low Cycle Thermal-Mechanical Fatigue Behavior of Two Tantalum Base
Alloys, NASA-CR-121001 (May 1, 1972).

3. Manson, $. S., The Challenge to Unify Treatment of High Temperature

Fatigue - A Partisan Proposal Based on Strainrange Partitioning, ASTM
STP 520, 744-782 (1973).

Key words: Aluminide coatings; cobalt alloys; creep; creep réipture; fatigue -
{materials); fatigue life; heat resistant alloys; high temperature
environments; life prediction; lLow-cycle fatigue; protective coatings;
strainrange partitioning; stress rupture; thermal fatigue.
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ILID - Fatigue in Crack Growth

OBSERVATIONS AND INTERPRETATION OF CRACK PROPAGATION UNDER CONDITIONS OF TRANSIENT
THERMAL STRAIN ' .

Mowbray, D. F. and Woodford, D. A. (General Electric Co., Schenectady, NY)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Appllcatlons, 179 1-179-11, Philadelphia, PA (23-28 September 1973), and Sheffield,
England (1-5 April 1974).

Tapered disk thermal fatigue tests have been conducted on one nickel

(Rene 77) and one cobalt (FSX 414) base alloy. Measurements of crack length as

a function of number of thermal cycles were made on cracks growing from notches
machined on the specimen periphery. The effect on crack propagation of peripheral
radius (strain range), maximum temperature between 1093°K and 1343°K, and hold
time at maximum temperature between 1 and 60 minutes is reported. Responses of
both alloys showed identical trends in that increasing hold time or maximum
temperature first caused an increase in the measured crack growth rate, but then
showed a decrease at long hold times or high temperatures. It is proposed that in
both alloys there are two competing processes occurring, namely a cycle dependent
_creep/environmental damage at the crack tip and a time—dependent wicrostructural
change resulting in ehhanced crack propagation resistance with accumulated time at
temperature. The measured effect of hold times at temperature and the observed
microstructural features point to the major crack advance occurring during the heating
shock and holding period rather than at the maximum tensile stress which develops
during the cooling shock. This conclusion is supported by a nonlinear analysis

of the disk periphery which shows that, because of reversed plastic flow, a tensile
stress develops at and near the highest temperature in the cycle.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 56).

EXPERIMENTS ON THE NATURE OF THE FATIGUE CRACK PLASTIC ZONE

Hahn, G. T., Sarrate, M. and Rosenfield, A. R, (Battelle Memorial Institute,
Columbus, OH) .

AFFDL-TR-70~144, 425-450 (September 1970).

The experimental work described in this report deals with the plastic zone
of a growing fatigue crack and its relation to the zone of a monotonically loaded,
stationary crack. The study examines ways of applying two techniques: etch
pitting and interferometry, to reveal the plastic zones produced by fatigue
cracks under plane strain and plane stress conditions. Preliminary results are
reported and these indicate that the plastic deformation generated by each loading
cycle is similar to the zome of a statiomary crack loaded monotonically. On this
basis, theoretical treatments of the monotonically loaded crack are tentatively
extended to the fatigue crack problem. Simplified formulations of the plastic
blunting and damage accumulation are obtained in this way. The efficiency of the
blunting mechanism and the number of plastic strain cycles experienced by material
in front of the crack is estimated. This shows that both mechanisms can account for
the value of the stress intensity exponent, observed in Regime No. 1 (the high
cycle-low stress portion of the crack growth spectrum). While neither mechanism
easily accounts for the invariance of crack growth rates in regime No. 1, the
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existing observaticns are more easily rationalized in terms of blunting. A possible
explanation is offered for the higher values and growth rates of Regime No. 2

(the low cycle-high stress range). Implications with respect to the metallurgical
origins of the c¢yclic crack growth resistance and the prospects of improving

it are discussed.

{(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 102).

EFFECT OF LOAD SEQUENCES ON CRACK PROPAGATION UNDER RANDOM AND PROGRAM LOADING
Schijve, J. (National Aerospace Lab., Amsterdam, Netherlands)
Eng. Fract. Mec. 5, 269-280 (1973)

Crack propagation was studied in 2024-T3 Alclad sheet specimens under two
types of random loading and under program loading with very short period (40 cycles)
and program loading with a longer perfod (40,000 cycles). In the program test,
lo-hi, lo-hi-1 and hi-lo sequences were employed. The loads were based on a
gust spectrum. The crack rates were about the same under random loading and program
loading with the short period. Under program loading with the longer period the
crack rates were 2.5 times slower on the average, while a significant sequence
effect was observed in these tests. Fractographic observations indicated different
cracking mechanisms for the random tests and program tests with a short period on
the one hand and the program tests with the longer period on the other hand.
Implications for fatigue tests in practice are discussed.

The results have shown that the crack propagation life is not very sensitive
to the sequence of load cycles provided that the variation of the amplitude does
not occur slowly. If this variation is slow, as it is in a classic program test,
the life may be much longer than for random loading and this was conformed in the
present tests, This is a regrettable result from a practical point of view.
Actually it implies that nature does not allow us to simplify load sequences 1if we
want to obtain relevant information on fatigue life and crack propagation. 1In
other words, in a test on an aircraft component or a full-scale structure a
classically preogrammed sequence of the fatigue loads cannot guarantee that realistic
information will be obtained. It may produce unconservative data. Flight simulation
loading should be employed in such a test.

A second remark is concerned with our understanding of the trends observed.
Despite our qualitative knowledge of the various aspects related to fatigue damage
accumulation it has to be admitted that an explanation for the present sequence
effect cannot be given without speculative arguments. Nevertheless, the qualitative
knowledge is sufficent to tell us that systematic sequence effects have to be
expected. The fractographic observations have confirmed their existence.
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- Comment:

This paper presents very significant test data showing the effects of random
and programmed load cycles on the fatigue life of materials. The observation
that programmed loading may be unconservative in terms of random or flight profile
loading has broad implications for testing of structure.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 132).

SOME ASPECTS OF ENVIRONMENT-ENHANCED FATIGUE-CRACK GROWTH
Wei, R. P. (Lehigh University, Bethlehem, PA)
Eng. Fract. Mech. 1, No. 4, 633-651 (1970).

A review of the effects of test environment, load profile, test frequency,
test temperature and specimen thickness of the rate of fatigue—crack growth in
high-strength metal alloys has been made. It was found that the effects of many
of these variables depend strongly on the material-environment system involved.

Experimental information is most complete on the aluminum-water (or water
vapor) system. The results indicate that water or water vapor has a strong effect
on the rate of fatigue-crack growth in these alloys, increasing the rate of fatigue-
crack growth up to a factor of ten over that obtained in a reference environment.
The effect depends on the partial pressure of water vapor in the atmosphere, and
exhibits a transition zone that depends strongly on the test frequency. This
frequency effect has been attributed to the requirement of a definite amount of
surface contamination to achieve full environmental effect by Bradshaw and Wheeler,
These results suggest that the most probable mechanism for water-enhanced fatigue-
erack growth in the aluminum alloys is that of the pressure mechanism for'hydrogen' :
embrittlement suggested by Broom and Nicholson, and requires the synergistic action
of fatigue and water-metal surface reaction. The rate controlling process appears

_to be that of the creation of fresh crack surfaces by fatigue. A mild frequency
dependence for these alloys tested in the fully humid environment or in distilled
water (reflected by some 50 pércent inctease in growth rate for mearly a factor of
30 reduction in test frequency) has been attributed to a small contribution from
sustained-load crack growth associated with the increased" time-at-load" at the
lower test frequencies. Environment sensitivity is reduced at the higher K levels,
and appears to result from a reduction in the effectiveness of the pressure mechanism
of hydrogen embrittlement associated with plane-strain to plane-stress fracture
mode transition. '

Only a limited amount of data are available on the titanium alloys and
high-strength steels regarding the influences of these same variables. Available
data on a titanium-salt water system and steel-water vapor systems indicate the
behavior is quite different for that of the aluminum-water system, and suggest
that the enviromment-enhanced fatigue-crack growth in these systems may be
simply regarded as a superposition of environment—-enhanced crack growth under
sustained loads (SCC) on fatigue. No significant synergistic effect of fatigue
and " corrosion" was evident in the experimental results considered. If proven, such
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a simple model could be used to predict the effects of mean load and test fre-
gquency when crack-gqrowth-rate data for fatigue in a reference environment and

for sustained-load in the appropriate test environment are obtained. Experimental
work to verify this model, as well as comprehensive studies, similar to those
reported for the aluminum alleys, should be carried out for specific material-
environment systems. Mechanistic studies are alsc needed.

On the basis of this review it is clear that the present fatigue-crack
growth laws could not account for the influence of environments and its related
effects. This is, of course, not surprising, since these laws do not specifi-
cally incorporate environment effects. Their value in predicting the rate of
fatigue-crack growth from basic mechanical properties of materials have already
been questioned by Wei, etal. As empirical laws for engineering applications,
their validity must be re-established on the basis of comparisons with data
obtained in well-contrclled reference test environments, and they must be
modified to account for envirommental and other related effects, bearing in mind
that these effects will 1ikely depend on the nature of the operative embrittle-
ment mechanism.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 124).

EFFECT OF ENVIRONMENT ON FATIGUE CRACKS
Achter, M. R. (Naval Research Lab., Washington DC)
Fatigue Crack Propagation, ASTM STP 415, 181-202 (1967)

"In this review of the fatigue of metals in controlled gasegus environments,
particular emphasis is placed on the mechanism of crack propagation as it is
affected by the test variables. The crack growth rates of some metals are
accelerated more by oxygen than by water vapor, while for others the reverse is
true. Increases of cyclic frequency and of stress decrease the magnitude of the
effect of environment. It is generally agreed that the mechanism is more an
increase of the rate of crack propagation than of crack initiation. OFf the two
explanations proposed, the process of corrosive attack of the crack tip is
favored over that of the prevention of rewelding of crack surfaces by the forma-
tion of oxide layers. Curves of fatigue life, or of crack growth rate versus
gas pressure show regions of little or no dependence, connected by a transition
region of steep slope. In a quantitative treatment of the shape of the curve,
the significance of the location of the transition region is discussed.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 122).
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EFFECTS OF FREQUENCY AND ENVIRONMENT ON FATIGUE CRACK GROWTH IN A286 AT 1100°F
Solomon, H. D. and Coffin, L. F. (General Electric Company, Schenectady, NY)
Fatigue at Elevated Temperatures, ASTM STP 520, 112-122 (August 1973).

Previous low-cycle fatigue tests on A286, which covered a frequency range of
5 to 0.1 CPM, have shown a pronounced frequency dependence when the tests were
run in alr. In contrast, tests run in a vacuum did not show such a frequency
effect. This led to the conclusion that, in this frequency range, environmental
effects were responsible for the frequency dependence., Air crack propagation tests
have also shown a strong frequency dependence. At frequencies below .02 CPM the
air crack propagation tests showed a stronger frequency dependence than was '
observed at. higher frequencies and resulted in pure time dependent, cycle
independent failure., In order to explain this behavior and to see if it could. be
observed in low frequency vacuum tests, measurements of the crack propagation rate
at 593°C were made in a 1079 Torr vacuum. These vacuum crack propagation results
substantiated the assertion that at 593°C, air produces a strong influence on the
failure life or crack propagation rate. Additionally, these tests have shown that
below .02 CPM the pure time dependent failure noted in air persisted in the vacuum.
The vacuum results could be interpreted on the basis of a linear superposition
model. Where at low frequency the behavior was a purely time dependent failure;
at high frequencies, purely cycle dependent; and at intermediate frequencies, that
of a linear superposition of these phenomena. In air thils linear superposition
model was not applicable because of the additional environmental interaction.

Important References:

1. Coffin, Jr., L. F., The Effect of Vacuum on the High Temperature, Low Cycle _
Fatigue Behavior of Structural Metals, Corrosion Fatigue: Chemistry, Mechanics
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2. Coffin, Jr., L. F., The Effect of High Vacuum on the Low Cycle Fatigue Law,
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4, Solomon, H. D., Frequency Dependent Low Cycle Fatigue Crack Propégation,
Met. Trans. 4, 341-347 (1973).

5. Coffin, Jr., L. F., The Effect of Frequency on High Temperature, Low Cycle
Fatigue, AFFDL-TR-70-144, 301-312 (September 1970).
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on Fatigue Crack Growth in A236 at 1100F, General Electric Report 72CDR10QL
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Key Words: Crack propagation; cyclic loads; cyclic testing; edge crack specimens;
environmental effects; fatigue (materials); fatigue tests; freaquency
effects; high temperature; low-cycle fatigue; metallic materials;

" notched specimens; stainless steels.
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SUBCRITICAL CRACK GROWTH CRITERIA FOR INCONEL 718 AT ELEVATED TEMPERATURES
popp, H. G. and Coles, A. (General Electric Co., Evandale, OH)
AFFDI-TR-70-144, 71-86 (September 1970)

The purpose of this investigation was to determine if fracture mechanics
methods are suitably accurate to predict the defect tolerance of Inconel 718 welds
at temperatures up to 1200°F in the cyclic conditions typically encountered in
jet engine frames and caseings. It was shown that elastic fracture mechanics
methods can be applied to temperatures in the creep regime with reasonable
accuracy for Incomel 718. In addition, a fracture mechanics model was developed
to predict the residual cyclic life of Inconel 718 weldments containing surface
defects. Cases of axial and combined axial and bending stress filelds were
treated. Also, the utility of a time-temperature parameter to predict cyclic
crack growth rates at a particular stress intensity was demonstrated. The parameter
P = (T + 460) (10 + Log(TH) ) provided reasonably accurate description of crack
growth rate data for temperatures ranging from 70°F to 1200°F and peak stress
hold times of from one second to two hours.

Important References:

1. Brown, Jr., W. F. and Srawley, J. E., Plane Strain Crack Toughness Testing
of High Strength Metallic Materials, ASTM STP 410 (1967).
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critical Crack Crowth to Inspection Requirements, ASME Conf. on Environ.
Effects in Failure of Eng. Mater. (April 1969).

3. Hudson, C. M., Studies of Fatigue Crack Growth in Alloys Suitable for
Elevated Temperature Applications, NASA-TN-D-2743 (1965).
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Key words: Center crack specimens; crack propagation; cyclic loads; fatigue
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AN EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF VACUUM ENVIRONMENT ON THE

FATIGUE LIFE, FATIGUE-CRACK-GROWTH BEHAVIOR, AND FRACTURE TOUGHNESS OF 7075-T6
ALUMINUM ALLOY

Hudson, C. M. (North Carolina State Univ., Raleigh, NC)
PhD Thesis, Department of Materials Engineering (1972)

A series of axial-load fatigue life, fatigue-crack growth, and fracture
toughness tests were conducted on 0,090-inch thick specimens made of 7075-T6
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aluminum alloy. The fatigue life and fatigue crack-propagation experiments were
conducted at a stress ratio of 0.02, The maximum stresses in the fatigue-life
experiments ranged from 33 to 60 ksi, and from 10 to 40 ksi in the gas pressures
of 760, 5 x 10-1, 5 x 10-2, 5 x 10~4, and 5 x 10”8 Torr. Fatigue-crack-growth

and fracture toughness experiments were conducted at gas pressures of 760 and

5 x 108 Torr. Residual stress measurements were made on selected specimens to
determine the effect of residual stresses on fatigue behavior. These measurements
were made using x-ray diffraction techniques. Fracture surfaces of typical
specimens were examined using scanning and transmission electron microscopes to
study fracture modes in vacuum and air.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 158).

FRACTURE AND FATIGUE-CRACK-PROPAGATYON CHARACTERISTICS OF 1/4~INCH MILL ANNEALED
TI~6AL-4V TITANIUM ALLOY PLATE

Feddersen, C. E. and Hyler, W. S. (Battelle Columbus Labs, OH)

Battelle Report No. G-9706 (November 1971)

The fracture and fatigue-crack-propagation behavior of central through-the-
thickness cracks has been evaluated for one thickness of mill-annealed titanium
alloy plate. The influence of crack aspect ratio on the fracture or residual
strength of three panel widths has been determined. The fatigue-~crack-propagation
rates for various maximum stresses, stress ratios, and panel widths have also been
evaluated. It has been observed that elastic fractures in the presence of central
through-cracks do not occur in panels of this material less than 18 inches wide.
Uniform and regular fatigue-crack-propagation behavior is noted in this material
on the basis of a stress-intensity factor range, AK, analysis. A fatigue-crack-
_propagation threshold is evident below 3 or 4 ksi-in %. Power law modeling of
rate data, crack life prediction, and interpretive discussions are also considered.

From the data the crack behavior of mill-annealed Ti-6A1-4V titanium alloy
in 1/4~inch thickness appears to be consistent and predictable. The material is
quite tough with no elastic fracture instabilities noted in panels less than 18
inches wide. However, slow stable tear (or stable crack extension) in the rising
load test is noted at net section stresses about 40 ksi. The fatigue-crack-
propagation ratios, (2c¢c)/n, are very consistent when evaluated on a AK basis.
However, there is an additional distinct effect of stress ratio, R, over and above
that reflectred in AK.

A threshold stress-intensity factor range is evident and varies with stress
ratio. The lowest AK level at which propagation was noted was about 3.5 ksi-in %.
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Tt is evident that the crack propagation models currently used need to be
modified for threshold effect and for improved accumulation of stress ratio, R.
This is a definite necessity in order to obtain a more reliable predictive tool
for design purposes,

This experimental program has characterized this particular thickness of
the subject titanium alloy quite well. A parallel, but more selective, program
at other thickness is recommended. :

A very critical issue, now that consistent FCP rates have been demonstrated
is a study on environmental effects wherein significantly lower frequencies are
applied for much longer time perilods.

Comments:

This paper provides an effective ‘characterization of 1/4-inch thick mill-
annealed Ti-6Al1-4V titanium alloy and is a gulde for similar required efforts at
other thicknesses with other alloys of interest.

Important References:

1. Feddersen, C. E. and Hyler, W. 5., Fracture and Fatigue-Crack Propagation
Characteristics of 7075-T7351 Aluminum Alloy Sheet and Plate, Final Report
from Battelle Columbus Laboratories to Naval Air Development Center, -
Contract No. NQO156-68-C-1344 (March 1970).

2, Feddersen, C. E., Evaluation and Prediction of the Residual Strength of
Center-Cracked Tension Panels, ASTM STP 486, 50-78 (1971).

3. Forman, R. G., Kerney, V. E. and Engle, R. M., Numerical Analysis of Crack

Propagation in Cyclic~Loaded Structures, J. Basic Eng. 459464 (September 1967).

4. Paris, P, C., The Growth of Cracks Due to Variations in Loads, PhD Thesis,
Lehigh University , Bethlehem, PA (1962).

Key words: C(rack propagation; fatigue (materials); fractures {materials); residual

strength; stress intensity factor; structural reliability; titanium
alloys,
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IV - Creep and Fatigue Damage Phenomena
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IVA - Cumulative Damage Concepts

FATIGUE DAMAGE ACCUMULATION AND TESTING FOR PERFORMANCE EVALUATION
Freudenthal, A. M. (George Washington Univ,, Washington DC)
AFMI~TR-71-50 (April 1971)

The effects of mean stress and of stress amplitude on the various stages
of the fatigue process is discussed in light of recent research on fatigue
mechanisms with the purpose of assessing the relevance of fatigue testing
processes under constant and under random loading as well as of the application
of linear fracture mechanics in the prediction of the fatigue life of airframes.
It is concluded that fatigue tests based on a mission-determined representative
flight-by-flight loading spectrum will produce the closest approximation of
service conditions and should be used both for life prediction of structures and
for materials evaluation for fatlgue performance.

Comment:

This paper discusses the philosophy of fatigue and fatigue testing and
comes to the not unsurprising conclusion that the closer the test fatigue spectrum
simulates the actual service experience the more accurate will be the fatigue life

prediction.

Important References:

1. Wood, W. A., Experimental Abproach to Basic Study of Fafigue, Institute
Study of Fatigue and Reliability, Columbia University, Report No. 24 (1965).

2.  Schijve, J., Anaiysis of Random Load Time Histories, in Fatigue.of Aircraft
: Structures, W. Barris, Ed., MacMillan Co., New York, NY (1963).

3. Bfanger J., Life Estimation and Prediction for Fighter Aircraft, Proc.
Int. Conf., Structural Safety and Reliability, Washington 1969, Pergamon
Press New York, NY (1971).

Key words: Cumulative damage; fatigue (materials); fatigue life;
fracture mechanics; structural reliability; testing methods.
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CUMULATIVE DAMAGE IN FATIGUE, A STEP TOWARDS ITS UNDERSTANDING

Brook, R. H. W. and Parry J. S. C. (Rolls-Royce, Told., Derby England, Bristol
Univ., England)

J. Mech. Eng. Sci. 11, No. 3, 243-255 (June 1969)

A method is described which uses change of apparent dynamic modulus and
damping during fatigue c¢ycling for estimating accurately the fatigue lives of
stainless steel specimens. This technique for estimating well in advance of failure
the fatigue lives of individual specimens avoids the usual difficulties caused by
scatter of fatigue results, and has enabled a more precise quantitative investigation
to be made of cumulative fatigue damage than would have been possible using
conventional experimental methods. By estimating the remaining life of a specimen
at one stress amplitude before measuring the equivalent remaining life at a second
stress amplitude by cycling to failure, it was possible to determine lines of equal
damage on a plot of stress amplitude versus remaining fatigue life. These lines of
equal damage were used to predict the fatigue lives of specimens subjected to
programs of multi-level loading, and the accuracy of these estimates, when compared
with the subsequent experimental results, is much better than has been achieved
hitherto. Depending on the stressing program chosen, Miner's linear damage rule
is shown to be very good, rather pessimistic, or very dangerous.

Comment:

This approach offers an excellent technique for monitoring and predicting
fatigue life. It has been developed for a particular specimen and material,
although it appears to have wider application.

However, a great deal of work needs to be done te correlate and apply it to
other than well characterized laboratory fatigue specimens.

Important References:

1. Morrow, J., Cyclic Plastic Strain Energy and Fatigue of Metals, ASTM STP 378
(1965).

2. Miner, M. A., Cumulative Damage in Fatigue, J. Appl. Mech. No. 12 (1945)

3. Corten, H. T. and Deolan, T. J., Cumulative Fatigue Damage, Proc. Int. Conf.
Fatipue Metals, 235 Instn. Mech. Engr., London, England (1956).

4. Manson, S. S., Fatigue: A Complex Subject - Some Simple Approximations,
Proc. Soc. Exp. Stress Analysis 22, 193 (1965).

Key words: Analysis methods; cumulative damage; fatigue (materials); fatigue life;

life prediction; linear damage rule; modulus of elasticity; stainless
steels.
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THE CHALLENGE TO UNIFY TREATMENT OF HIGH TEMPERATURE FATIGUE - A PARTISAN PROPOSAL
BASED ON STRAINRANGE PARTITIONING

Manson, S. S. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH)

Fatigue at Elevated Temperatures. ASTM STP 520 744-782 (August 1973)

An overview lecture summarizing the 1972 international symposium
on fatigue at elevated temperatures held at Storrs, Connecticut, is presented.
Starting with the observation of the diversity of subjects covered and lack of
unaminity of approaches used, it becomes clear that there exists an urgent need
for a unifying framework around which the many facets can be coherently structured.
It is proposed that the strainrange partitioning concept had the potential of
serving as such a framework., The method divides the imposed strain into four basic
ranges involving time-dependent and time independent components. It is shown that
some of the results presented at the symposium can be better correlated on the
basis of this concept than by alternative methods. It is also suggested- that
methods of data generation and analysis can be helpfully guided by this approach.
Potential applicability of the concept to the treatment of frequency and holdtime
effects, environmental influence, crack initiation and growth, thermal fatigue,
and code specifications are then considered briefly. A required experimental
program is outlined,

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 89).

TEMPERATURE EFFECTS OF STRAINRANGE PARTITIONING APPROACH FOR CREEP FATIGUE ANALYSIS
Halford, G. R., Hirschberg, M. H., and Manson, S. S. (National Aeronautics and
Space Administration, Lewis Research Center, Cleveland, OH) ‘

Fatigue at Elevated Temperatures. ASTM STP 520, 658-669 (August 1973)

“Examination is made of the influence of temperature on the strainrange
partitioning approach to creep fatigue. Results for 2,25Cr-1Mo steel and type
316 stainless steel show the four partitioned strainrange-life relationships to
be temperature insensitive to within a factor of twoon cyclic life. Monotonic
creep and tensile ductilities were also found to be temperature insensitive to
within a factor of two. The approach provides bounds of cyclic life that can be
readily established for any type of inelastic strain eycle. Continuous strain
cycling results obtained over a broad range of high temperatures and frequencies
are in excellent agreement with bounds provided by the approach,

Important References:

%. Manson, §. S., Halford, G. R,, and Hirschberg, M. H., Creep—Fatigue-Analysis
| by Strain-Range Partitioning, Proc. Symp. Design for Elevated Temp. Environ.
! ASME, 12-24 (1971). '

2.% Manson, 5. 5., New Directions in Materials Research Dictated by Stringent
Future Requirements, Proc. 1971 Int. Conf. Mech. Behav. of Materials,
Socc. Mat., Sei., Japan, 5-60 (1972).
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3. Halford, G. R., Hirschberg, M. H., and Manson, 5. 5., Temperature Effects on
the Strainrange Partitioning Approach for Creep-Fatigue Analysis, NASA -
TM~X-68023 (1972).

4. Hirschberg, M. H., A Low-Cycle Fatigue Testing Facility, Manual on Low-Cycle
Fatigue Testing, ASTM STP 465, 67-86 (1969).

5. Halford, G. R., Cyclic Creep~-Rupture Behavior of Three High-Temperature
‘Alloys, NASA-TN-D-6309 (May 1971),

6. Manson, §. 5., Fatigue: A Complex Subject - Some Simple Approximations,
Exp. Mech. 5, No. 7, 193-226 (July 1965).

Key words: Analysis methods; creep; creep analysis; creep properties; cyclic
creep; ductility; failure analysis; failures (materials); fatigue
(materials); heat resistant alloys; life predictiom; load cycles;
metallic materialjplastic properties; stainless steels; strainj;
strainrange partitioning; temperature effects; thermal cyecles.

APPLICATION OF A DOUEBLE LINEAR DAMAGE RULE TO CUMULATIVE FATIGUE

Manson, S. S., Freche, J. C. and Ensign, C. R, (National Aeronautics and Space
Administration, Lewis Research Center, Cleveland, OH)

Fatigue Crack Propagation, ASTM STP 415 384-412 (1967)

The validity of a previcdusly proposed method of predicting cumulative fatigue
damage in smooth 1/4 in. diameter specimens based upon the concept of a double
linear damage rule is investigated. This method included simplified formulas for
determining the crack initiation and propagation stages and indicated that each
of these stages could be represented by a linear damage rule. The present study
provides a critical evaluation of the earlier proposal, further illuminates the
principles underlying cumulative fatigue damage, and suggests a modification of the
original proposal. Data was obtained in two stress level tests with maraged 300 CVM
and SAR 4130 steels in rotating bending. Two strain level tests were conducted
in axial reversed strain cyciing with maraged 300 CVM steel. The investigation
showed that in most cases the double linear damage rule when used in conjunction
with originally proposed equations for determining crack initiation and propagation
predicted fatigue life with greater or equal accuracy than the conventional linear
damage rule. An alternate viewpoint of the double linear damage rule is suggested.
This requires that a limited number of simple two-stress level tests to be run
to establish effective fatigue curves for what may be defined as Phases I and II
of the fatigue process. These fatigue curves may then be used in the analysis
of any spectrum of loads involving as loading extremes then two stresses used for
their determination. Only limited verification of the new method has been obtained
to date, and it must presentlv be limited to the study of smooth, 1/4-inch
diameter specimens. However, it may be considered as a first step in the direction

of eventually predicting the effect of a complex loading history on the life of
more complex geometrical shapes.,
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Comment:

This effort provides interesting correlation between relatively simple
tests and fatigue life behavior. 1Its application to more complex specimens and
loading histories has been found to be considerably more difficult. Many of the
techniques such as this one work fine for simple specimens but the application
to more complex systems and spectrums become more difficult than an actual life
or accelerated life test.

Important References:

1. Manson, S. S., Nachtigall, A. J., Ensign, C. R., and Freche, J. c.,
Further Investigation of a Relation for Cumulative Fatigue Damage in
Bending. Trans. ASME (February 1965},

2. Manson,'S. S., Interfaces Between Fatigue, Creep, and Fracture, (March 1966)
Int. J. Fract. Mech. 2, No. 1, 327-363.

3. Smith, R, W., Hirschberg, M. H., and Manson, S. §., Fatigue Behavior of
Materials Under Strain Cycling in Low and Intermediate Life Range,
NASA~TN-D=1374 (1963). ‘

4. . Manson, §. S}, Nachtigall, A. J., Freche, J. C., A Proposed New Relation for
Cumulative Fatigue Damage in Bending, Proc. ASTM 61, 679-703 (1961).

Key words: Analysis methods; crack initiation; crack propagation; cracks;
cumulative damage; cumulative effects; fatigue (materials);
fatigue life; fatigue tests; 1ife prediction; linear damage rule;
load cycles; maraging steel; steels.

I

DAMAGE ACCUMULATION DURING STRAIN CYCLING AT DIFFERENT TEMPERATURES AND STRAIN
RATES

Abdel-Raouf, H., Topper, T. H. .and Pfumtree, A. (Waterloo Univ., Ontario, Canada)
ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, 185.1-185.8 Philadelphia, PA (23-28 September 1973) and Sheffield,
England (1-5 April 1974),

The effects of temperature (~75°C to 760°C) and cyclic strain rate (2 x 10~%
per sec to 4 x 1071 per sec) on the fracture mechanism were investigated using OFHC
copper and Type 304 stainless steel under strain control. It was found that time
dependent fracture predominates at high temperatures and low strain rates. However,
at high strain rates the life was insensitive to temperature. The role of grain
boundary migration on the fracture process was investigated. Grain boundary
migration was found to be dependent oh the strain rate for copper whereas the
Type 304 stainless steel, grain boundary migration was inhibited at high temperature
(760°C) due to the presence of precipitates at the grain boundaries. During strain
cycling of OFHC copper and Type 304 stainless steel, creep damage can not be summed
to the fatigue damage to give a total damage of unity for failure, if only a single
deformation and fracture mechanism is| operating. The sense of the damage accumulation
does not affect these findings.

In general, the amount of previohs damage has no influence on the damage
accumulation which follows, if it is not of the same kind. '
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2. Coffin, Jr., L. F., The Effect of Vacuum on the High Temperature, Low Cycle
Fatigue Behavior of Structural Metals, General Electric Report TIS 71-C-108
(i971).

3. Manson, S. S., Halford, G. R. and Spera, D. A., The Role of Creep in High-
Temperature Low-Cycle Fatigue, Advances in Creep Design, A. E. Johnson
Memorial Vol., Appl. Sci. Publishers Ltd., London, England, 229-249 (1971).

4. Conway, J. B., Berling, J. T. andVStentz, R. H., A Brief Study of
Cumulative Damage in Low-Cycle Fatipue Testing of AISI 304 Stainless Steel
at 650°C, Met, Trans. 1 , 2034 (1970).

5. Topper, T. H., Sandor, B. I. and Morrow, J., Cumulative Damage Under Cyclic
Strain Control, J. Mater. 4, No. 1 (1969).
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on the Fatigue Life of OFHC Copper and Copper Alloy at 490°C, Int. Conf.
Fract., 3rd, Munich, Germany (April 1973).

Key words: Creep; cumulative damage; cyclic loads; damage;
fatigue (materials); fractures (materials); grain boundaries; high
temperature; load cycles; low temperature; stainless steels; straing
strain rate; temperature effects; thermal stresses.

CALCULATION OF THERMAL~FATIGUE LIFE BASED ON ACCUMULATED CREEP DAMAGE

Spera, D. A. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH)
NASA “TN-D-5489

This report presents a method for predicting the onset of thermal-fatigue
cracking in high temperature components under service conditions. Starting from
basic material properties, life is calculated by considering two distinct failure
modes, (1) cyclic creep-rupture, using a modification of the well-known life-
fraction rule proposed by Robinson and Taira, and (2) conventional, time-dependent,
low-cycle fatigue, using empirical equations of the method of universal slopes
developed by Manson. The method is illustrated by using Glenny-type thermal
fatigue data on the nickel-base alloy Nimonie 90. In 24 of the 28 cases analyzed
cyclic creep rupture was the dominant failure mode,

Important References:

1. Spera, D. A., A Linear Creep Damage Theory for the Thermal Fatigue of
Materials, PhD Thesis, University of Wisconsin, Madison (1968).
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2, Howe, P. W. H., Mathematical Techniques‘Applying to the Thermal Fatigue
Behavior of High Temperature Alloys, Aeron. Quart. 13, Pr. 4, 368-396
(November 1962).

3. Taira, S., Lifetime of Structures Subjected to Varying Load and Temperature,
Creep in Structures, Nicholas J. Hoff, Ed., Academic Press, New York, Ny,
96-124 (1962), :

4, Manson, S. 5. and Halford, G., A Method of Estimating High~Temperature
Low-Cycle Fatigue Behavior of Materials, Thermal and High Strain Fatigue,
The Metals and Metallurgy Trust, London, England, 154-170 (1967).

Key words: Crack initiation; crack Propagation; creep; creep analysis; -
failure mode; heat resistant alloys; high temperature; linear
damage rule; nickel alloys;

structural safety; thermal fatigue; yield strength,

A SPECIALIZED MODEL FOR ANALYSIS OF CREEP-RUPTURE DATA BY THE MINIMUM'COMMITHENT,
STATION-FUNCTION APPROACH

Manson, §. §. and Ensign, C. R. (National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, OH) .
NASA=TM-X~-52999

The use of minimum commitment, station-function approach for correlating creep-—
rupture data is discussed. A hypothesized time-temperature-stresgs relation is
taken in sufficiently general form to include all commonly used parameters. The
functional forms involved in the relation are not taken in analytical form;
rather they are defined as "station functions' - their numerical value at selected
station values of the independent variable. Using station functions not only
avoids "forcing" the pattern of the data, but provides an incidental benefit
in avoiding illconditioning of the system of resulting equations, which are
computer-solved for the optimum data representation. This feature also contributes
to the objectiveness of the method, and gives each time-temperature parameter
consistant with the model an equal chance to demonstrate itself as the correct one.

As the authors indicate, this method produces correct predictions if the basic
data conform to one of the commonly used time-temperature Parameters, and when the
input data is plentiful and given to a high degree of accuracy. Additional effort
is needed to delineate the best uses of this method and its limitations,

Important References:

1. Manson, S. s., Time-~Temperature Parameters - A Re-Evaluation and Some New
Approaches, ASM Pub. D8-100 (January 1970).

Key words: Analysis methods; creep; creep rupture; high temperature; life
prediction; Stress; theories, '
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DUCTILITY EXHAUSTION MODEL FOR PREDICTION OF THERMAL FATIGUE AND CREEP INTER-
ACTICN .

Polhemus, J. F., Spaeth, C. E. and Vogel, W. H. (Pratt and Whitney Aircraft,
East Hartford, CT).

Fatigue at Elevated Temperatures, ASTM STP 520, 625-636 (August 1973)

Extensive laboratory testing of typical alloys used in gas turbine blading
has shown that there is a strong interaction of the thermal fatigue and creep
damage modes which is nonlinear in nature. Consequently, a model for cumulative
damage analysis was developed using an exhaustion of ductility concept in which
the total available ductility 1s derived from baseline thermal fatigue tests or,
alternatively, estimated from stress-rupture tests. A cycle-by-cycle reckoning
of ductility used and remaining is made with the use of a digital computer program,
and cracking is ultimately predicted at the point where the remaining ductilicy
is insufficient to complete another cycle. The developed analyvsis is shown to
correlate with laboratory test results. The understanding and design procedure
developed make it possible to simulate complex service conditions in digital
computer programs and evaluate designs and materials in simulated "fly-offs".

Important References:

1. Vogel, W. H. and Carden, A. E., Thermal Mechanical Fatigue of Some Superalloys,
Presented at Nat. Metal Cong., Cleveland, OH (1967).

2. 0Ohji, K., Miller, W. R. and Martin, J., Cumulative Damage and Effect of Mean
Strain in Low-Cycle Fatigue of 2024-T351 Aluminum Alloy, Winter Annu. Meet.
Chicago, IL, (7-11 November 1965).

3. Manson, S. S., Thermal Stress and Low-Cycle Fatigue. McGraw-Hill, New
York, NY (1966).

4. Evans, D. J. and Mushovic, N. J., Behavior of a Nickel Base Superalloy Under
the Influence of Thermal Cycling, Spring Meet. Amer. Inst. Mining Met. Eng.
Inst. Metals Div., Las Vegas, NV (12 May 1970),

Key words: Cracking (fracturing); creep; creep properties; creep rupture
strength; cumulative damage; cyclic loads; ductility; failures
(materials); fatigue (materials); fatigue tests; gas turbine
engines; high temperature; high temperature environments; 1life
prediction; low-cycle fatigue; metallic materials; stress rutpure;
thermal cycles; thermal fatigue; turbine blades.

A STUDY OF CYCLIC PLASTIC STRESSES AT A NOTCH ROOT

Crews, Jr., J. H. and Hardrath, H. F, (National Aeronautics and Space Adminis-
tration, Langley Research Center, Langley Station, VA)

J. SESA 6, No. 6, 313-320 (1966)

An experimental study is presented for cyclic plastic stresses at notch
roots in specimens under constant—-amplitude repeated tension and reversed loading.
Edge~notched, K_ equals 2, 2024-T3 aluminum-alloy sheet specimens with a K value
of 2 were cycled until local stress conditions stabilized. Local stress hssfories

84



were determined by recording local strain histories during cycling and re-
producing these histories in simple, unnotched specimens. The fatigue lives
for these notched specimens were estimated using stabilized local stresses and
an alternating versus mean stress diagram for unnotched specimens of the local
material. 1In addition, an expression is presented for calculating local first-
cycle plastic stresses, An acceptable correlation is shown between predicted
‘stresses and experimental data. :

Important References:
1. Reuber, H., Theory of Notch Stresses, Principles for Exact Calculation of

Strength with Reference to Structural Form and Material, J. W. Edwards,
Ann Arbor, MI (1948). .

2, Illg, w.; Fatigue Tests on Notched and Unnotched Sheet Specimens of 2024-T3
-and 7075-T6 Aluminum Alloys and of SAE 4130 Steel with Special Consideration
of the Life Range from 2 to 10,000 Cycles, NACA TN-3866 (1956).

3. Grover, H. J,, Bishop, S. M. and Jackson, L. R., Fatigue Strengths of Air-
craft Materials, Axial-Load Fatigue Tests on Notched Sheet Specimens of 24S-
T3 and 24S-T6 Aluminum Alloys and of SAE 4130 Steel with Stress-Concentration
Factors of 2.0 and 4.0, NACA-TN-2389 (1951).

Key words: Aluminum alloys; cyelic loads; fatigue properties; fatigue tests;
load cycles; notch sensitivity; plastic strain; residual Stress;
S-N diagrams; strain accumulation; stress; stress ratio.

IMECHANICS OF CRACK TIP‘DEFORMATION AND EXTENSION BY FATIGUE
Rice, J. R. (Brown Univ., Providence, RI) C
Fatigue Crack Propagation, ASTM STP 415, 247-309 (1967)

Crack propagation is viewed primarily as a problem in continuum mechanics.
Part I survevs the elastic and elastic-plastic stress analyses of cracked bodies,
with emphasis on the plasticity. In addition to well-known results based on models
of perfectly plastic anti-plane shearing and discrete surfaces of tensile yielding
or slip (equivalently, continuous dislccation arrays), some recently obtained '
results on work-hardening and anisotropic perfect plasticity are summarized, and
methods are presented for the modeling of plane strain yielding. Emphasis is
placed on the common result of all plasticity analyses that the coefficient of a
characteristic singularity in elastic solutions determines the plastic deformation
in situations of small scale yielding. The influence of hardening behavior, finite
width effects, and large scale yielding are 1llustrated and the predictions of wvar-
ious models compared. :

Part II considers the mechanics of fatigue crack propagation. Elastic-plastic

responses to cyclic loading are determined for perfectly plastic and a type of
stable hardening behavior. Effectively, the yield stress is double so that cyclic
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flow zones and variations in plastic deformations are smaller than for monotonic

. loading. Crack tip blunting by large deformations and related effects are treated
approximately. General features of fatigue crack growth are surveyed, and the
extensive evidence is cited supporting a primary conclusion of continuum analyses:
that crack growth rates are determined by elastic stress intensity factor variatioms
or the small scale ylelding situation common in low-stress high-cycle fatigue.
Results pertaining to mean load, sheet thickness, and mode transition effects,
delays in crack extension due to overloads, growth under bending lcads, and
growth by random applied loads are also noted and interpreted in continuum terms.
Theories of crack growth relating continuum considerations to "damage' accumu-
lation and material separation are examined. Further progress requires better

continuum analysis, incorporating crack blunting by deformation and clearer
ideas of separation mechanics.

(FOR LISEING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT SEE
PAGE 100)-
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IVB - Life Prediction Approaches

PREDICTIVE TESTING IN ELEVATED TEMPERATURE FATIGUE AND CREEP: STATUS AND PROELEMS
Coffin, Jr.,, L. F. and Goldhoff, R.M. (General Electric Co., Schenectady, NY)
Testing for Prediction of Materials Performance in Structures and Components

ASTM STP 515 22-74 (October 1972)

Two well recognized problem areas of high temperature material behavior,
namely, creep and fatigue, are considered with those factors which contribute
to the prediction and useful service life of the component. The information
avallable is obtained almost entirely in a laboratory environment, in which
simplified load conditions and specimen geometries and controlled environments
are employed for material evaluation. Consideration is not given to transferring
this information to actual design, other than to identify the importance of such
problems as the analytical determination of stresses and strains in the structure,
the effect of highly complex loading, or the behavior in a complex environment,
but on sevéral practical problems occurring in high temperature power generating
machinery will be employed as examples of the topics for discussion; namely,
creep, fatigue, and creep-fatigue interaction. The topics of creep and fatigue
are considered separately, the discussion being built around three central topics:
(1) real problems in prediction, (2) complicating instabilities including the
effects of environment, deformation, and microstructure; and (3) some'curreﬁt_
predictive methods. Consideration of the lessz well defined problem of creep
fatigue interactions is also included. :

- Figure IV-B presents a simple schematic overview of the creep-rupture
problem while introducing complicating factors. In the area of analysis every
design will be based on limits imposed by creep or rupture, and a prediction

' as to whether stress or strain criteria apply must be made. ' : '

Comment :

This paper effectively summarizes the state of the art of predictive testing
at elevated temperature including a lucid presentation of the accepted governing
equations. It is a basic review which can bring somecne effectively and quickly
up to date in this area. Also included are guidelines for future research and
development in the related areas of creep and rupture and of high temperature
fatigue. The 125 references are also an effective bibliography of this particular
area. \
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' THE CHALLENGE TO UNIFY TREATMENT OF HIGH TEMPERATURE FATICUE - A PARTISAN PROPOSAL
BASED ON STRAINRANGE PARTITIONING '

Manson, 5. S. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH) ‘ ‘ _

Fatigue at Elevated Temperatures, ASTM STP 520, 744-782 (August 1973)

This paper was presented as an overview lecture summarizing the 1972
International Symposium on Fatigue at Elevated Temperatures held at Storrs,
Connecticut. Starting with the ohservation of the diversity of subjects covered
and lack of unanimity of apprcaches used, it becomes clear that there exists an
urgent need for a unifying framework around which the many facets can be coherently
structured. It is proposed that the strainrange partitioning concept had the
potential of serving as such a framework. The method divides the imposed strain
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JAnto four basic ranges involving time-dependent and time independent components.

It is shown that some of the results presented at the symposium can be better
correlated on the basis of this concept than by alternative methods. It is also
suggested that methods of data generation and analysis can be helpfully guided by

this approach. Potential applicability of the concept to the treatment of frequency
and holdtime effects, environmental influence, crack initiation and growth, thermal
fatigue, and code specifications are then considered briefly. A required experimental
program is outlined.
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PREDICTIVE PARAMETERS AND THEIR APPLICATION TO HIGH TEMPERATURE, LOW CYCLE FATIGUE
Coffin, Jr., L. F. (General Electric Co., Schenectady, NY)

Proc. Int. Conf. on Fracture, 2nd., Brighton, England, 56/1 - 45/12 (13-18 April,
1969)

Existing predictive methods for determining high temperature, low cycle fatigue
life are re-examined, based on experiments on 'A' nickel. The relationship
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N.® ., AE. = C is found to exist, where « is the function of strain rate and
tgmperature. Assuming AE, = AEf at Np = 1/4, as for low temperature, where

Ef is the temsile ductility, this point falls well below the fatigue curve. The
present results and those of other investigators are shown.to be expressible in

the form C1f . 4E, = C2 where C} is a quantity defined as the frequency-modified
fatigue life and B and Cp depend only on temperature for a given material. The
frequency-modified fatigue life, defined as v* * t where v is the frequency and

t the time to failure, has applicability to the prediction of long hold-time fatigue
life from short time tests. Fatigue crack propagation was both transgranular and
intergranular and this bi-modal failure process is self-consistent with the concept
of a frequency-modified fatigue life, and with the dependence of B on temperature.
An upper bound fatigue curve 1s predicted for very low lives where crack propagation
is by ductile, transgranular fracture. It employs the tensile ductility and assumes
@ =R =1/2. The curve intersects with the bi-modal curve at very low cycle life,
and a method for predicting this intersection is suggested, based on experimental
observation.

Comments:

This paper shows that certain formulas may adequately describe high temperature,
low cyecle fatigue behavior when modified by applicable empirical constants.
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A METHOD OF ESTIMATING HIGH-TEMPERATURE LOW-CYCLE FATIGUE BEHAVIOR OF MATERIALS
Manson, 5. S. and Halford, G. (National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, OH)

Int. Conf. Thermal and High Strain Fatigue, The Metals and Metallurgy Trust,
Londong, England 154-170 (1967)

A method is described whereby static-tensile and creep-rupture properties
can be used to estimate lower bound, average, and upper bound low-cycle fatigue
behavior in the creep range. The approach is based primarily on the method of
-universal slopes previously developed for estimating room-temperature fatigue
behavior, and in part on a highly simplified creep-rupture-fatigue analysis.
Reasonable agreement is obtained when the estimates are compared with total
strain range/life data for numerous engineering alloys. Included in the study
are coated and uncoated nickel-base alloys, a cobalt-base alloy, low-and high-
alloy steels, and stainless steels tested under laboratory conditions over a
wide range of temperatures and cyclic rates.

Comment :

The authors checked the method by comparing the estimates with elevated
temperature strain-controlled laboratory fatigue datza on numerous materials.
Without excluding data scatter arising from the diverse testing techniques
of different laboratories, the results obtained still indicate that the
estimates at high temperature can be made with about the same degree of confi-
dence as for room temperature behavier by the method of universal slopes.

Important References:
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Mech. 2, No. 1, 327-363 (March 1966).

2. Manson, S. 5., Fatigue: A Complex Subject - Some Simple Approximations,
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3. Manson, S. 5., Thermal Stress and Low-Cycle Fatigue, McGraw-Hill Book Co.
New York, NY (1966)

Key words: Analysis methods; cobalt alloys; creep; creep rupture; cyclic 1oade;
fatigue life; high temperature; life prediction; low-cycle fatigue;
nickel alloys; steels; strain; universal slopes.

APPLICATION OF A METHOD OF ESTIMATING HIGH-TEMPERATURE LOW-CYCLE FATIGUE BEHAVIOR
OF MATERIALS

Halford, G. R. and Manson, S. 5. (National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, OH)

Trans. Amer, Soc. Metals 61, 94-102 (1968)

Further study is made of a recently proposed method whereby tensile and
stress-rupture properties may be used to estimate low-cycle, strain fatigue
behavior in the creep range. The method is based primarily on the equation of
universal slopes previously developed for predicting room-temperature fatigue
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behavicor, and on a straightforward linear damage analysis of combined fatigue and
 stress-rupture. Fatigue life estimates are presented and compared with a large
quantity of fatigue data for nickel-base alloys, high—and low-alloy steels,
stainless steels, and aluminum-base alloys tested under laboratory conditions
over a wide range of temperatures and cycling frequencies.

The method proposed affords a simple way of estimating elevated
temperature, low-cycle fatigue behavior of materials from tensile and stress-
rupture properties. Fatigue life estimates based upon the method have been
compared with over 75 sets of high-temperature fatigue data on a varlety of
materials tested over a wide range of test conditions. The method provided
lower bound fatigue lives for about 85 percent of the data, upper bound lives for
approximately 95 percent of the data, and nearly 80 percent of the data fall within
a factor of three on either side of the estimated average lives. The favorable
agreement between the estimates and observed behavior suggests that it may be =
applied with confidence to other materials and test conditions. Such fatigue
life estimates can be very useful, particularly in the early stages of design
and materials selection., It is not intended, however, for these estimates to
eliminate the need for further experimental evaluation of the low-cycle fatigue
behavior of materials at elevated temperatures. Rather, they are best suited
for quick, approximate answers, and not for final design purposes.

Comment:

The method embodied in this paper can be very useful if applled in accordance
with the cautions indicated in the paper. '
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6 Coffin, Jr., L. F., An Investigation of the Cyclic Strain and Fatigue
Behavior of a Low-Carbon Manganese Steel at Elevated Temperature, Proc.
Int. Conf. on Thermal and High Strain Fatigue, The Metals and Metallurgy
Trust, London, England, 171-197 (1967).

Key words: Analysis methods; fatigue (materials); fatigue life ; high temperature;
linear damage rule; low-cycle fatigue.

NEUBERS RULE APPLIED TO FATIGUE OF NOTCHED SPECIMENS
Topper, T. H., Wetzel, R. M. and Morrow, J. (Illinois Univ., Urbana, IL.)
J. Mater. 4, No. 1, 200-209 (March 1969)

A method is presented for predicting the fatigue life of notched members from
smooth specimen fatigue data. Inelastic behavior of the material at the notch root
is treated using Neubers rule, which states that the theoretical stress concentration
factor is equal to the geometric mean of the actual stress and strain concentration
factors. This rule provides indexes of equal fatigue damage for notched and unnotched
members. Experimental results for notched aluminum alloy plates subjected to one or
two levels of completely reversed loading are compared with predictions based on
- these indexes. Measured notched fatigue lives and lives predicted from smooth
specimens agree within a factor of two.

Comment :

_ The technique demonstrated in the paper is shown to be applicable to notched
aluminum alloy plates subjected to completely reversed bending. The applicatien

to wider classes of alloys and loadings is not demonstrated and is the subject of
further investigations,

Important References:

1. Neuber, H., Theory of Stress Concentration for Shear Strained Prismatical

Bodies with Arbitrary Nonlinear Stress Strain Law, J. of Appl. Mech.,
544-550 {Dacamber 1041

]
Ve Callo it

2. Crews, Jr., J. H., and Hardrath, H. F,, A Study of Cyclic Plastic Stresses
at a Notch Root, Exp. Mech., 6, No. 6, 313-320 (June 1966).

3. Peterson, R. E., Fatigue of Materials in Engineering and Design, Mater.
Res. Stand. 3, No. 2, 122-139 (February 1963).

4, Wetzel, R. M., Smooth Specimen Simulation of the Fatigue Behavior of Notches,
J. Mater. 3, 646-657 (September 1968).

5. Topper, T. J., Sandor, B. I., and Morrow, J., Cumulative Fatigue Damage under
Cyclic Strain Control, J. Mater. 4, Wo. 1, 189-199 (March 1969).

94

I



Key words: Alumihum alloys;‘analysis methods; cumulative damage; cyclic testing;
fatigue (materials); fatigue life; fatigue tests; notch sensitivity;

stress concentration.

PREDICTION OF FATIGUE LIFETIME BY COMBINED FRACTURE MECHANICS AND ACOUSTIC EMISSION
TECHNIQUES ' '

Harris, D. 0., Dunegan, H. L., and Tetelman, A. S. (California Univ., Livermore,
Lawrence Radiation Lab., California Univ., Los Angeles CA)

AFFDL TR-70-144, 459-471 (September 1970)

The following are the major conclusions to be drawn from the results of the
investigation reported in this paper:

1. The use of acoustic emission in conjunction with periodic proof stressing
provides a means of detecting the presence and growth of fatigue cracks.

2. The technique of periodic proofing can be used to detect impending failure
- by two methods: observation of increasing number of counts during loading
between the working and proofing loads; and obaervation of acoustic emission
while holding at the proof load. :

3. This technique provides ample and early warning of impending failure, and
would therefore be of value in practical applications. :

4. Good agreement was observed between experimental results and theoretical

predictions made from a model for analysis of fatigue crack growth with intermittent

proofing and acoustic emission monitoring.

5.; Acoustic emission from a penny-shaped crack can not be directly related to the
stress intensity factor, but reference must be made to the flaw size. This
differs from the case of through cracks, for which the acoustic emission can
be directly related to the stress intensity factor.

6. The optimum number of cycles between proofing can be calculated if the crack
.growth law, K variation with crack length, the minimum K for emission during
hold and Ky¢ are known.

(FOR LISTING QOF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 107).

A RELIABILITY APPROACH TO THE FATIGUE OF STRUCTURES
Payne, A. 0. (Aeronautical Research Labs., Melbourne Australia)
Probabilistic Aspects of Patigue, ASTM STP 511, 106~155 (July 1972)

A method of assessing structural safety in fatigue is proposed in which a
statistical model for the fatigue process is used to carry out a reliability
analysis, enabling the probability of failure to be estimated at any stage of the
life. The statistical variability in crack-propagation rate and residual strength
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of the cracked structure is included together with the effect of any prescribed
inspection procedure. The method is applied to a structure of high strength

steel typifying a "safe-life" structure and to a redundant aluminum alloy structure
representative of the "fall-safe" construction. It is concluded that the
reliability analysis can be applied to both fail-safe and safe-life structures and
provides a quantitative basis for ensuring safe operation, including the planning
of ‘an inspection procedure if feasible. 1In this regard the method represents an
advance on the existing procedures but inherent in the quantitative approach it
employs is the adoption of an acceptable safety level. The most appropriate way
of defining safety level is discussed and a suitable measure is proposed. An
‘extensive amount of data is required in applying the procedure but it is suggested
that in the case of aircraft structures this difficulty can be overcome by using
results from the comprehensive structural testing program normally carried out,
together with relevant data from similar structures.

Comment;

This approach treats failure as a statistical phenomena, ignoring the mechanics
of the failure. It is a useful appreoach for such things as predicting time between
overhauls based on an increasing data base of experience. The author's attempt
to extrapolate this technique to complex aircraft structure will be only as success-
ful as the accuracy and representative nature of the data.

Important References:
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Alclad Under Flight-Simulation Loading, Effect of Truncating High Gust
Loads, NRL-TR-69050U (June 1969).

5. Ingham, J. and Grandage, J. M., Investigations into the Probability Distribution
of the Crack Propagation Rate in Fabricated Structures, Aeronautical Research
Labs., Melbourne, Australia (Feburary 1967).

Key words: Aidrcraft structures; aluminum alloys; analysis methods: crack growth
rate; crack propagation; cracks; critical flaw size; fail-safe design;
failure analyses; failures (materials); fatigue (materials); fatigue
life; reliability; residual strength; statistical analysis; steels;
structural safety.
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A CRITICAL ASSESSMENT OF THE LIFE FRACTION RULE FOR CREEP-RUPTURE UNDER NONSTEADY
STRESS OF TEMPERATURE

Woodford, D. A. (General Electric Co., Schenectady, NY)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature
Applications, 180.1-180.6 Philadelphia, PA (23-28 September 1973) and Sheffield,
England (1-5 April 1974).

Under conditions of incremental stress or temperature changes, the life
fraction rule predicts that failure will occur when the sum of the fractions of
life equals unity. Experimental data on ferritic steels are used to show that
although this rule may be reasonable for temperature changes, it is inconsistent
with material response to stress changes. The reasons for these differences are
considered in terms of the phenomenology of creep damage. There is a strong _
sensitivity to stress history resulting in a loading sequence effect on cumulative
life fraction at failure. On the other hand, for temperature changes, the apparent
insensitivity to temperature history is shown to be consistent with the generality
of time-temperature parametric representations of rupture life. These characteris-
tics are revealed by a new analysis involving the generation of constant damage
curves in terms of remaining life for both stress and temperature changes. It
is shown how families of these curves may, in principle, be used to predict
failure for multiple stress and temperature changes. Some possible limitations and
restrictions in the use of this approach are considered.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS, AND A DUPLICATE ABSTRACT,
SEE PAGE 35).

ROLE OF THE STRAIN-HARDENING EXPONENT  IN LIFE-PREDICTION IN HIGH~-TEMPERATURE LOW |
CYCLE FATIGUE o
Saheb, R. E. and Bui-Quoc, T. (Ecole Polytechnique, Montreal, Quebec, Canada)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature Applications,
- 186,1-186.7 Philadelphia, PA (23-28 September 1973) and Sheffield, England

(1-5 April 1974).

Results are reported of fatigue tests with controlled axial strain on an
annealed 304 stainless steel at 650 C using either of two modes of strain measure-
ment: axial and diametral. Expressions are suggested for determining the plastic
and elastic components of the strain range in terms of the number of cycles to
failure, using the strain hardening exponent together with other tensile properties

as predictive parameters. The resulting equation is then compared with experimental
data on stalinless steels,

Important References:
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Pressure Vessel Design Criteria for Effect of Mean Stress in Low-Cycle
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1253-1266 (1969),
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fatigue (material); fatigue tests; high temperature; life prediction;
load cycles ; low-cycle fatigue; plastic strain; stainless steels
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A PARAMETRIC APPROACH TO IRREGULAR FATIGUE PREDICTION

Erismann, T. H. (Federal Lab for Testing Materials and Research, Dubendorf,
Switzerland)

NASA SP-309, 429-436 (1971)

The method proposed consists of two parts: empirical determination of certain
characteristics of a material by means of a relatively small number of well-defined
standard tests, and arithmetical application of the results obtained to arbitrary
loading histories. The following groups of parameters are thus taken into account:
the variations of the mean stress, the interaction of these variations and the super—
posed oscillating stresses, the spectrum of the oscillating-stress amplitudes, and
the sequence of the oscillating-stress amplitudes. It is polnted ocut that only
experimental verification can throw sufficient light upon possibilities and

ARl A

limitations of this (or any other) prediction method.

Comment:

The parametric approach presented in this paper rests on certain simplifying
assumptions which may or may not be true for a given fatigue/material system,
These include an application of Miner's rule which may not be accurate. 1f, however,

the Miner's rule application holds for a particular system this technique could
lead to reduced test complexity and cost.

Important References:

1. Erismann, T. H., Fatigue-Life Prediction Under Irregular Stress Conditions,
J. Strain Anal. 5, 207 (1970).
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Key words: Analysis methods; cumulative damage; fatigue life; fatigue (materials);
fatigue tests; linear damage rule; load cycles; Palmgren-Miner rule;
testing methods.

MATHEMATICAL TECHNIQUES APPLYING TO THE THERMAL FATIGUE BEHAVIOR OF HIGH TEMPERATURE
ALLOYS :

Howe, P. W. H., (National Gas Turbine Establishment, Pyestock, England)

Aeron. Q, 13, Pt. 4, 368-396 (November 1962),

The high temperature thermal fatigue of Nimonic alloys can be analyzed using
short-time creep deformation data and cyclic stress endurance data. Experimental
and calculated thermal fatigue endurances have been correlated in magnitude and over
ranges of temperature, strain, and strain-rate. Transient tempepatures'in_turbine
blades can be calculated for a wide range of conditions using Riot's varlational
method. Combining the thermal strain obtained from Biot's method with a simplified
mathematical description of high temperature material behavior leads to a differential
equation for thermal stress, which can be solved for a wide range of conditioné.
The correlation of experimental and theoretical thermal fatigue endurances provides
an example of these methods, and supports their more general application.

Comment :

The author has divided a complicated material problem into several pieces of
mathematics, for each of which logical deductions can be made from start to finish.
It was demonstrated that Fourier analysis can be applied to material behavior at
high temperatures, with stress dependencies realistically described.

Important References:

1. Glenny, R. J. E. and Taylor, T. A., A Study of the Thermal Fatigue Behavior
~ of Metals, The Effect of Test Conditions on Nickel-Base High-Temperature
Alloys, J. Inst, Metals 88, No. 11, 449 (July 1960),

Key words: Analysis methods; cracks; creep; cyclic loads; deformation;
‘ fatigue (materials); gas turbine engines; heat resistant alloys;'
high temperature; plastic strain; thermal cycles; thermal fatigue;
thermal stresses; turbine blades.
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Ive - Damage Detection

MECHANICS OF CRACK TIP DEFORMATION AND EXTENSION BY FATIGUE
Rice, J. R. (Brown Univ., Providence, RI)
Fatigue Crack Propagation, ASTM STP 415, 247-309 (1967)

Crack propagation is viewed primarily as a problem in continuum mechanics.
Part I surveys the elastic and elastic-plastic stress analyses of cracked
bodies, with emphasis on the plasticity. In addition to well-known results
based on models of perfectly plastic anti-plane shearing and discrete surfaces
of tensile yielding or slip (equivalently, continuous dislocation arrays), some
recently obtained results on work-hardening and anisotropic perfect plasticity
‘are summarized, and methods are presented for modeling of plane strain yielding.
Emphasis is placed on the common result of all plasticity analyses that the
. coefficient of a characteristic singularity in elastic solutions determines the
plastic deformation in situations of small scale yielding are illustrated and
the predictions of various models compared.

Part II considers the mechanics of fatigue crack propagation. Elastic-
plastic responses to cyclic loading are determined for perfectly plastic and a
type of stable hardening behavior. Effectively, the yleld stress is doubled so
that cyclic flow zones and variations in plastic deformations are smaller than
for monotonic leading. Crack tip blunting by large deformations are smaller
than for monotonic loading. Crack tip blunting by large deformations and related
effects are treated approximately. General features of fatigue crack growth are
surveyed, and the extensive evidence is cited supporting a primary conclusion of
continuum analyses: that crack growth rates are determined by elastic stress
intensity factor variations for the small scale yielding situation common in low-
stress high-cycle fatigue. Results pertalning to mean load, sheet thickness,
and mode transition effects, delays in crack extension due to overloads, growth
under bending loads, and growth by random applied loads are also noted and
interpreted in continuum terms. Theories of crack growth relating continuum
considerations to 'damage'" accumulation and material separation are examined.
Further progress requires better continuum analysis, incorporating crack blunting
by deformation and clearer ideas of separation mechanics.

Comment:

This excellent "'state of the art" paper established the continuum mechanics
approach to crack tip deformation analysis under fatigue conditions. The paper

cites a number of instances where the continuum approach is instructive of the
basic mechanics of the system.
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A STUDY OF CYCLIC PLASTIC STRESSES AT A NOTCH ROOT .
Crews, Jr., J, H. and hardrath, H. F. (National Aeronautics and Space Administration
Langley Research Center, Langley Station, VA)
J. of SESA 6, No. 6, 313-320 (1966)

An experimental study is presented for cyclic plastic stresses at notch roots
in specimens under constant-amplitude repeated tension and reversed loading. Edge-
notched 2024-T3 2luminum-alloy sheet specimens with a Kt value of 2 were cycled until
local stress conditions stabilized. Local Stress histories were determined by recording
local strain histories during cycling and reproducing these histories in simple,
unnotched specimens. The fatigue lives for these notched specimens were estimated
using stabilized local stresgses and an alternating versus mean stress diagram
for unnotched specimens of the local material. In addition, an expression is
presented for calculating local first-cycle plastic Stresses. An acceptable
correlation is shown between predicted Stresses and experimental data. '

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 84).
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AVOIDANCE, CONTROL, AND REPAIR OF FATIGUE DAMAGE
Manson, S. S. (National Aeronautics and Space Administration, Lewis Research
Center, Cleveland, OH) i
Metal Fatigue Damage - Mechanism, Detection, Avoidance, and Repair
ASTM STP 495, 254-346 (1971)

A number of approaches are outlined for improving the fatigue life of materials.
The principal aspects that must be considered involve: (1) proper choice by the
designer of materlals or material-combinations that give the best possible fatigue
Tesistance; (2) avoidance of strain concentrations in design, fabrication, and
service; (3) provision for surface protection against Inadequate design, rough
handling, and pernicious environments; (4) introduction of beneficial residual
compressive stresses by various means taking into account factors such as design, .
fabrication, and usage requirements that have a bearing on the ability of the
material to retain these stresses during service; (5) property conditioning and
restoration such as reheat treatment, surface husking and any other procedure
which can restore fatigue resistance once damage has been incurred; and (8)
fail-safe design approach together with the concept of continuocus survéillance.
A few potentially rewarding areas for future research are discussed. These include:
further development of comntrolled solidification techniques; thermomechanical
processing as a means of imﬁroving fatigue resistance; improving the compatibility
of coatings and substrate and in particular metalliding. In addition sophisticated
application of fracture mechanics as an analytical tool to establish limits of
permissible crack growth :promises to augment the practicality of the fail-safe
design philosophy. It is shown that the range of fatigue life involved in the
application is important, what is good for low-ecycle fatigue life range may not
be good for the high-cycle-fatigye life range, and vise versa. In all cases it ig
important to take into consideration the type of loading, the part geometry, the
basic behavior of the material, environmental effects, reliability requirements,
and a host of other factors that govern fatigue life.

T
(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 102). : _ .

EXPERIMENTS ON THE NATURE OF THE FATIGUE CRACK PLASTIC ZONE .
Hahn, G. T., Sarrate, M. and Rosenfield, A, R. (Battelle Memorial Inst.,
Columbus, OH) ‘
AFFDL-TR-70-144, 425-450 (September 1970) :

The experimental work described in this report deals with the plastic
Zone of a propagating fatigue crack and its relation to the zone of a monotonically
loaded, stationary crack. The study examines ways of applying two techniques:
etch pitting and interferometry, to reveal the plastic zones produced by fatigue
cracks under plane strain and Plane stress conditionms. Preliminary results are ,
reported and these indicate that the plastic deformation generated by each loading
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eycle is similar to the zone of a stationary crack loaded monotonically. On this
basis, theoretical treatments of the monotonically loaded crack are tentatively
extended to the fatipue crack problem. Simplified formulations of the plastic
blunting and damage accumulation are obtained in this way. The efficiency of the
blunting mechanism and the number of plastic strain cycles experienced by material
in front of the crack is estimated. This shows that both mechanisms can account

for the value of the stress intensity exponent, observed in Regime No. 1 (the

high cycle-low stress portion of the crack growth spectrum). While neither mechanism
easily accounts for the invariance of crack growth rates in Regime No. 1, the
existing observations are more easily rationalized in terms of blunting. A possible
explanation is offered for the higher values and growth rates of Regime No. 2 (the
low cycle-high stress range). Implications with respect to the metallurgieal
origins of the cyclic erack growth resistance and the prospects of improving it

are discussed. '

Comment :

The two experimental techniques employed offer potential for further illumination
of the metallurgical processes invelved in cyclie fatigue and monotonic crack growth.
This illumination can lead to structurally based crack growth mechanisms whiéh will
enable both better life predictions and approaches to improving the metallurgical
Structure. This improved structure can result in improved fatigue lives.
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Key words: Crack initiaticn; crack tip plastic zone; cracks; cumulative Jamage;
cyclic loads; fatigue (materials); fracture tests; plane strain;
plane stress; strain accumulation; stress concentration; stress
intensity factor.

ACQUSTIC EMISSION FROM LOW-CYCLE HIGH-STRESS INTENSITY FATIGUE
Hartbower, C. E., Morais, C. F., Reuter, W. G., and Crimmins, P. P,
(Aerojet Seolid Propulsion Co., Sacramento, CA)

Eng. Fract. Mech. 5, 765-789 (1873}

This paper presents the findings of an Advanced Research Projects Agency
study, the overall objective of which was to develop a nondestructive testing
technique to determine flaw criticality based on Acoustic emission. The research
included an evaluaticon of sensors and instrumentation systems, using several
materials and material conditions loaded in low-cycle, high stress-intensity
fatigue,

The materials used for the study were D6AC steel tempered at 600°F and 1100°F,
annealed and solution-treated-and-aged 6A1-4V titanium and 7075-T6 aluminum.
The test specimen was the precracked, single-edge-notch tension specimen;
macrocracking was detected by crack-opening-displacement {(COD) gage and micro-
cracking by acoustic emission. The acoustic-emission system utilized 400 and
1000 KHz bandpass filtering at 100 db gain. The output signals of the totalizer
and the COD gage were recorded on a single strip chart using a dual-pen recorder.
The specimens were subjected to low-eycle, high-stress-intensity fatigue at 6 cpm.
In some tests, cycling was begun in air and finished in water.

Acoustic emission was demonstrated to be highly effective as a non~destructive
test method for following crack growth in low-cyecle high-stress-intensity fatigue;
acoustic emission confirmed the existence of periods of dormancy punctuated by
periods of active fatigue crack growth. Using a dual-pen, strip-chart recorder
displaying both crack-opening-displacement and stress-wave count on the same
chart, it was 2 simple matter not only to observe if there was crack growth in each
individual cycle but also where in the cycle it occurred. Moreover, the process of
stress-corrosion cracking during low-cycle, high-stress~intensity fatigue was '
readily detected by a marked increase in the stress=wave count rate.

The utility of acoustic emission as a precursor of failure was
demonstrated for low-cyele, high-stress—intensity fatigue as well as for the case
of environmentally assisted fatigue. Plots of cumulative stress-wave count versus
cycle number consistently showed a marked increase in count rate several (10-20
or more) cycles before fracture,

Comment :

In this well documented experimental effort the acoustic emission effect
is related to fatigue failure for a specific set of experimental conditions,
It is demonstrated that significant acoustical phenomena preceed fracture and that

this may be an excellent fatigue failure monitoring technique when developed for
more complex systems and applications.

104



Important References:

1. Hartbower, C. E., Gerberich, W. W., and Crimmins, P. P., Characterization
of Fatigue-Crack Growth by Stress-Wave Emission, NAS 1-4902 (1966).

2. Gerberich, W. W. and Hartbower, C. E., Some Observations on Stress-Wave
Emission as a Measure of Crack Growth, Int. J. Fract. Mech. 3, 185-192
(1967).

3. Hartbower, C. E., Gerberich, W. W., and Liebowitz, H., Investigation of Crack-
Growth Stress-Wave Relationships, Eng. Fract. Mech. 1, 291 (1968).

4, Harris, D. 0., Dunegan, H. L., and Tetelman, A. S., Prediction of Fatigue
Lifetime by Combined Fracture Mechanics and Acoustic Emission Techniques,
Univ. of California, Lawrence Radiation Laboratory Report UCRL-71760 (1969).

5. Hartbower, C. E., Gerberich, W. W., and Crimmins, P. P., Monitoring Sub-
Critical Crack Growth by an Acoustic Technique, Weld Imperfections,
Addison-Wesley, Menlo Park, CA (1968). o

6. Gerberich, W. W. and Hartbower, C. E., Monitoring Crack Growth of Hydrogen
Embrittlement and Stress Corrosion Cracking by Acoustic Emission, Proc. .
Conf. on Fundamental Aspects of Stress Corrosion Cracking, Ohio State Univ.,
Columbus, OH (September 1967). '

7.  Dunegan, H. L., Harris, D. 0. and Tatro, C. A., Fracture Analysis by Use of
Acoustic Emission, Eng. Fract. Mech. 1, 105-122 (1968).

_8.‘ Brown, Jr., W. F. and Srawley, J. E., Plane~Strain Crack Toughness Teéting
T of High~Strength Metallic Materials, ASTM STP 410 (1966).

9. Fisher, D. M., Bubsey, R. T., and Srawley, J. E., Design and Use of a
Displacement Gage for Crack Extension Measurement, NASA-TN-D-3724 (1966).

Key words: Crack propagation; cracks; fatigue (materials); fractures (materials);
low-cycle fatigue; NDE; stress concentration; stress corrosion;
ultrasonic tests,

PREDICTION OF FATIGUE LIFETIME BY COMBINED FRACTURE MECHANICS AND ACOQUSTIC EMISSION
. TECHNIQUES :

Harris, D. 0., Dunegan. H. L, and Tetelman, A. S. (California Univ., Livermore,
Lawrence Radiation Lab., California Univ., Los Angeles CA)

AFFDL-TR-60-144, 459-471 (September 1970).

The following are the major conclusions to be drawn from the results of the
investigation reported in this paper.

1. The use of acoustic emission in conjunction with periodic proof stressing
provides a means of detecting the presence and growth of fatigue cracks.
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2. The technique of periodic proofing can be used to detect impending failure
by two methods: observation of increasing number of counts during loading
between the working and proofing loads; and observation of acoustic emission
while holding at the proof lead.

3. This technique provides ample and early warning of impending failure, and
would therefore be of value iIn practical applications.

4. - Good agreement was observed between experimental results and theoretical
predictions made from a model for analysis of fatigue crack growth with
intermittent proofing and acoustic emission monitoring.

5. Acoustic emission from a penny-shaped crack can not be directly related to the
stress intensity factor, but reference must be made to the flaw size. This
differs from the case of through cracks, for which the acoustic emission can
be directly related to the stress intemsity factor.

6. The optimum number of cycles between proofing can be calculated if the crack
growth law, K variation with crack length, the minimum K for emission during
hold and KI¢ are known.

(FOR LISTING OF IMPCRTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 107).
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. IVD ~ Fracture Mechanics Approaches

PREDICTION OF FATIGUE LIFETIME BY COMBINED FRACTURE MECHANICS AND ACOUSTIC EMISSION
TECHNIQUES

Harris, D. 0., Dunegan, H. L., and Tetelman, A. 5. (California Univ., Livermore,
Lawrence Radiation Lab., California Univ., Los Angeles CA) ‘
AFFDL-TR-70-144, 459~471 (September 1970)

The following are the major conclusions to be drawn from the results of the
investigation reported in this paper:

1. The use of acoustic emission in conjunction with periodic proof stressing
provides. a means of detecting the presence and growth of fatigue cracks.

2. The technique of periodic proofing can be used to detect impending failure
by two methods: observation of increasing number of counts during loading
between the working and proofing loads; and observation of acoustic emission
while holding at the proof load. '

3. This technique provides ample and early warning of impending failure, and
would therefore be of value in practical applications. :

4. Good agreement was observed between experimental results and theoretical
predictions made from a model for analysis of fatigue crack growth with inter— _
‘mittent proofing and acoustic emission monitoring.

5. Acoustic emission from a penny-shaped crack can not be directly related to the
' Stress Intensity factor, but reference must be made to the flaw size, This
differs from the case of through cracks, for which the acoustie emission can
be directly related to the stress intensity factor. ‘ '

6. The optimum number of cycles between proofing can beitalculated if the crack
growth law, K variation with crack length, the minimum K for emission during
hold and Ky are known.
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AN APPLICATION OF FRACTURE CONCEPTS TO THE PREDICTION OF CRITICAL LENGTH OF
FATIGUE CRACKS

Davis, S. 0. (Air Force Materials Lab, Wright-Patterson AFB, OH)
AFML-TR-70~202, Parts I, II, III, IV and V (1971)

This report synthesizes technological concepts of fracture by making a
historical review of the literature from 1913 up to the present (1970). The
relevant concepts of linear elastic fracture mechanics derivatives were delin-
eated and summarized for the prediction of the critical length of fatigue cracks.
There is no available theory for correlating the many variables affecting fatigue
failure and for successfully predicting failure. The application of linear
elastic fracture mechanics and the thermedynamics of fracture to the crack propaga-
" tion facet of fatigue is proposed as an approach to the prediction of critical
lengths of stable fatigue cracking and unstable fracturing before failure. Thermo-
dynamic energy approach is used to develop a unified theory of fracture relative to
mechanical response of metals and alloys as a function of the atomic and metallurg-
ical structures and the phenomenclogical aggregate levels collectively. The Irwin
fracture criteria and Boyle mechanical compliance analysis were used to predict
critical crack lengths of stable fatigue cracks in 7075-T7351 aluminum plates. The
Boyd hypothesis was also used to predict the velocity of unstable cracks in these
plates., The technological significance of fracture mechanics in practice was
validated with a 96 percent accuracy by deducing the operational stress and calcu-
lating the critical crack length based upon a known value of Kip and . This
validated the practicality of the fracture mechanics approach in predicting the
eritical crack length stress for a given crack length and that failure will ocecur
after a crack reaches a specified length and the stress reaches a critical magnitude.

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT, SEE
PAGE 173).
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FATIGUE AND FRACTURE

Hardrath, H. F. (National Aeronautics and Space Administration, Langley
Research Center, Langley Station, VA)

NASA SP-292, 209-224 (November 1971)

Designing against fatigue and fracture in any vehicle subjected to repeated
loadings requires consideration of a host of parameters that interact syner-
gistically. Formal analysis procedures are far from adequate to accomplish the
task by calculations alone. Furthermore, considerable scatter inm the load
experience in a given fleet of vehicles and in the fatigue response to a given
set of load experiences, and the extreme complexity of a representative aircraft
structure make the analytical task more formidable. Because aerospace vehicles
must be made as light as possible for economic and performanceé reasons, the
designer is forced to reduce margins of safety to the minimum. The next decade of
development in civil aviation should see improvements in structural integrity.
Damage-tolerant designs will and should be employed whenever practical to provide
good safety. Improved fatigue-load monitoring devices should be employed, particularly
in vehicles subjected to wide variations in load experience. The NASA Langley :
Reserach Center has started a 10-year plan of systematic research that should
enhance the design of safe and efficient aircraft structures.

Important References:
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Key words: Aluminum alloys; damage tolerance; design;
fatigue (materials); fiber reinforced composites; fractures (materials);
life (durability); materials selection; steels;
structural reliability; structural safety; titanium alloys.

THE ROLE OF FRACTURE TOUGHNESS TN LOW-CYCLE FATIGUE CRACK PROPAGATION FOR
HIGH~-STRENGTH ALLOYS : ' .

Crooker, T. W. (Naval Research Lab., Washington, DC)

Eng. Fract. Mech. 5, 35-43 (1973).

Under the repeated application of high stresses imposed on high strength
alloys, undetected cracks remaining from fabrication will rapidly grow in low-
cycle fatigue. To guard against failures caused by cracks propagating
to terminal fracture, high-strength structural alloys which also possess high levels
of fracture resistance have been developed in recent years. Thils paper describes’
the principal fatigue crack propagation characteristics which are derived from
high fracture toughness and discusses the potential benefits available through the
use of high-toughness alloys in cyclically-loaded structures.
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Structural designers now have available congiderable choice in making yield
strength/fracture toughness trade-offs among competing alloys. The Naval Research
Laboratory Ratio Analysis Diagram (RAD) provides a graphical means of quantitatively
illustrating these effects. The figure shows the RAD characteristics for stesls
in 1 inch thick section sizes. Since thickness has a powerful effect on fracture,
certain details of these diagrams which are influenced by through-thickness
restraint will vary for thicknesses thicker or thimner than 1 inch. The RAD is

a cumulative plot, by alloy family, of fracture toughness versus yield strength

for the full spectrum of high and intermediate yield strength levels.

The upper

portions of the diagram have been compiled from Dynamic Tear (DT) tests, and the
lower portions of the diagram have been compiled from valid plane strain fracture

toughness tests.

One of the important functions of the RAD is to illustrate

_the yield strength/fracture trade-offs which can be made over a given yleld
strength range or the increases in fracture toughness available at a specific
strength level through improvement of metal quality and thus guide the materials
selection process out of the hazardous domain of plane-strain brittle fracture.
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Comment ;

This

paper illuminates the critical area of low cycle fatigue with high-

amplitude cycling and demonstrates the critical need for definitive work in this

area.

Lt demonstrates that the margin of safety lies in the application of high

toughnegg alloys in structures exposed to possible high-amplitude cycling.,
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CN THE APPLICABILITY OF FRACTURE MECHANICS TO ELEVATED TEMPERATURE DESIGN
McEvily, Jr., A, J. and Wells, C. H, (Comnecticut Univ., Storrs; Pratt and
Whitney Aircraft, Middletown, CH)

ASTM, ASME, IME, Int. Conf. Creep and Fatigue in Elevated Temperature

Applications, 230 1-230.7 Philadelphia, PA (23-28 September 1973), and Sheffield,
England {1-5 April 1974).

In recent years, consideration has been given to the extension of fracture
mechanics to safe design in the creep range. This paper reviews the experimental
work which has been carried out at elevated temperatures within the fracture
mechanics framework. Most of these studies deal with the rate of fatigue crack
growth as a function of stress intemsity factor, with temperature, frequency, and
environment being the principal test variables. It is concluded that although
the approach is still in an early stage of development it has comsiderable potential

as a design procedure within certain limitations. The nature of these limitations
i1s discussed.
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VA - Oxidation

OXIDATION AND THERMAL FATIGUE CRACKING OF NICKEL-AND COBALT-BASE ALLOYS IN A

HIGH VELOCITY GAS STREAM

Johnston, J. R. and Ashbrook, R, L. {(National Aeronautics and Space Administration,
Lewis Research Center, Cleveland, OH) ' : '
NASA-TN-D-5376 (August 1969)

An investigation was conducted to determine the resistance to oxidation
of typical gas turbine alloys exposed alternately to high and low temperature,
high velocity gas streams. A natural gas—compressed air burner was used to
produce velocities up to Mach 1 and specimen temperatures up to 2000°F (1093°C).
The materials tested Iincluded six nickel-base alloys: IN-100, B-1900, MAR M200,
TAZ-8A, Hastelloy X, and TD-NiCr, and four cobalt-base alloys: L-6053, X-40,
MAR M509A, and WI-52,

In a standard test of 100 cyeles of 1 hour at temperature in a Mach 1 gas
stream followed by rapid cooling to room temperature, the nickel-base alloys as
a class experienced less weight loss than the cobalt-base alloys, The average
values of weight loss varied widely from 216 to 23,700 milligrams after 100 hours
at 2000°F (1093°C). Of the cobalt-base alloys, X-40 had the lowest weight loss,
which was only slightly less than that of MAR M200. The latter alloy had the
highest weight loss of all of the nickel alloys. Of all the alloys tested, the
cast cobalt-base alloy, WI-52, was the least resistant to weight loss. After
100 hours, surface recession paralleled weight loss and ranged from 0.3 te 50
"mils (0.008 to 1.3 mm).

Cast cobalt-base alloys were more resistant to thermal fatigue cracking than
conventionally cast nickel-base alloys. However, directionally solidified and
single grain MAR M200 castings and wrought Hastelloy X had no cracks even after
100 eycles at 2000°F (1093 C).

At 2000°F (1093°C) under simualted steady-state operation (10-hour cycles ,
with free air cooling to room temperature) the average weight loss was less for -
the six alloys so tested than at standard conditions. Cobalt alloys showed more
improvement in oxidation resistance from the change in cycle than the nickel-base
alloys. No cracking was observed in any alloy under these conditions. When the
lower temperature during a 2000°F (1093°C) test was restricted to 1200°F (649°C), the
propensity toward cracking was unchanged for IN-100, and B-1900, but substantially
reduced for WI-52. However, weight loss decreased substantially for all alloys so
tested. ‘

Comment:
This study presents a compilation of experimental data, including micro-
structural information on a number of turbine blade allovys in simulated

high temperature environments. This data will be useful in both materials
selection and as a guide for future alloy development.
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OXIDATION AND HOT-CORROSION CHARACTERISTICS OF SEVERAL RECENTLY DEVELOPED
NICKEL-BASE SUPERALLOYS -
Dapkunas, S. J., Wheatfall, W. L., and Hammond, B. L. (Naval Ship Research and
Development Center, Annapolis, MD)

NSRDC Report No. 3925 (March 1973)

Oxidation and hot corrosion tests were conducted on six recently developed
nickel-base superalloys (cast Udimet 710, wrought Udimet 710, IN-738, IN-792,
MAR M421, and MAR M432) to determine the surfice stability characteristics of the
materials. In addition to optical measurements, oxidized alloys were analyzed
by x-ray microprobe techniques to determine the redistribution of alloying elements
after oxidation in pure oxygen for 210 hours at 900°C and 955°C. 1In general, the
new alloys had reasonably good oxidation and hot corrosion resistance when compared
to older alloys such as Udimet 500 and Alloy 713C. Udimet 710 (cast and wrought)
had the best overall hot-corrosion resistance of any of the six recently developed -
alloys, and wrought Udimet 710 had the best oxidation resistance. For the most
part, the x-ray microprobe analyses of oxidized alloys correlated fairly well with
the optical measurements. Physical and mechanical properties and structural
stability characteristics of each alloy are included in the appendixes to provide
additional information for comparing the alloys. Appendix C includes 104 figures
of microprobe results. :

(FOR LISTING OF IMPORTANT REFERENCES, KEYWORDS AND A DUPLICATE ABSTRACT,
SEE PAGE 119).
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VE - Hot Corrosion

"BLACK PLAGUE" CORROSION OF AIRCRAFT TURBINE BLADES

Belcher, P. R., Bird, R. J. and Wilson, R. W. (Shell Research Ltd., Chester,
England) _ '

Hot Corrosion Problems Associated with Gas Turbines, ASTM STP 421, 123-145 (1967)

"Black Plague" is the name glven to a particular type of high temperature
corrosion encountered on certain nickel-rich alloys used for turbine blades.
Metallurgical examination of corroded blades shows that black plague corrosion
has.certain distinctive characteristics and that it is not a special form of
internal oxidation ("green rot") or sulfide attack. Rig tests were carried
out in which the combustion preducts from artificially contaminated fuels were
passed over new and used blades at 850°C to 950°C. The results showed that
contamination with tetraethyl-lead, chlerine, sulfur, or residual fuel does not
cause accelerated corrosion. However, black plague was reproduced. In all tests
used blades corroded more than new blades, and it was shown that the prolonged
preheating of new blades in air at elevated temperatures renders them more
Susceptible to corrosion. Corroded blades from test rigs and from service have

3

been examined by metallorgraphic, x-ray, and electron probe techniques. ‘From these

investigations it appears that black plague should be regarded as an oxidation
phenomenon. .

‘Important References:

1. Schirmer, R. M., Communication of Hot Corrosion Workshop, Paper Presented
at Gas Turbine Panel of ASTM-ASME, Lafayette, Inc. (June 1965},

, 2. Hauffe, K,, Oxidation of Metals, Plenum Press, New York, NY (1965).

3. Lund, C. H., and Wagner, H, J., Oxidation of Nickel~and Copper-Base
Superalloys, DMIC Report No. 214, Battelle Memorial Inst. (March 1, 1965).

4. Imai, Y. and Nishi, Y., Effect of Molybdenum Upon the High—TEmperature
Oxidation and the V205 Attack on Ni-Cr-Base alloys, Sci. Rep. of
Res. Inst. 14, No. 6, 347-362 (1962). ' '

Key words: Corrosion; corrosion resistance; creep strength; electron microscopy;
gas turbine engines; heat resistant alloys; high temperature environ-—
ments; high temperature tests; hot corrosion; metallography; nickel
alleoys; oxidation; oxidation resistance; turbine blades; X-ray
diffraction.
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HOT CORROSION OF GAS TURBINE ALLOYS
Bergman, P. A. (General Electric Co., Lynn, MA)
Corrosion 23, No. 3, 72-81 (March 1967)

Types of hot corrosion encountered in aircraft gas turbines operating in
marine environments were reproduced in laboratory tests. Nickel and cobalt-bage
alloys were tested in the products of combustion of JP=5 and @, 2, and 200 PPM sea
salt between 1600°F and 2000°F. Higher chromium alloys were generally (but not
always) more resistant to hot corrosion. Attack was caused by sodium sulfate,
corrosion occurring only in the temperature range in which sodium sulfate was
deposited in a molten state. Microstructural changes were studied by metallographic
techniques and chemical compositional changes and sulfide were identified by
electron microprobe analyses. The nature of attack is discussed and some concepts’
of the hot ocrrosion mechanism postulated. Apparently, depletion of chromium
in surface zones through the formation of oxides and sulfides reduce the corrosion
resistance of depleted zones, thereby promoting severe hot corrosion.

Comment:

The authors, by utilizing an imaginative hot corrosion test stand have
characterized the hot corrosion of several nickel base superalloys in typical
aircraft fuels with and without sea water addition. This information has been
employed in the successful development of hot corrosion resistant superalloy
compositions.
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3. Davis, A. and Courtsouradis, D., Dry Corrosion of Cobalt, Chromium and Co-Cr,
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Key words: Analysis methods; cobalt alloys; corrosion; environmental effects;

gas t